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. THE COMMERCIAL LOADING OF TELEPHONE 
CIRCUITS IN THE BELL SYSTEM 

BY BANCROFT GHERARDI 

The year 1900 may be considered to have marked the be¬ 
ginning of a very important period in the development of tele¬ 
phony. For some time prior to that date it had been known 
to those who gave study to the matter that the transmission 
efficiency of long telephone circuits would be improved by in¬ 
creasing the uniformly distributed inductance of the circuit. 
This knowledge, however, did not lead to any direct commercial 
results for the reason that no one was able to point out any 
practical method of increasing the distributed inductance of a 
telephone circuit without bringing in difficulties of one kind 
or another which were fatal. 

This apparently insuperable difficulty in obtaining improved 
results by the use of distributed inductance directed the atten¬ 
tion of the mathematicians and physicists to the question of 
whether the results sought for might not be attained by the use 
of inductance coils placed at intervals in the circuit instead of 
by undertaking to distribute the inductance uniformly along 
the circuit. Vaschy, Heaviside and others either suggested or 
unsuccessfully tested the insertion of self-induction in coils on 
actual lines as a means of increasing their transmission efficiency. 
No practical results followed from their work and no actual 
progress was made in the matter of using lumped inductance 
to improve the transmission efficiency of telephone circuits 
until the year 1900, when the patents of Professor M. I. Pupin, 
dealing with the reducing of attenuation of electrical waves, 
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were issued. Professor Pupin, 1 and Dr. George A. Campbell, 2 
who had also worked on this problem, have published several 
papers dealing with it. These authors discuss fully the mathe¬ 
matical theory of improving the transmission efficiency of tele¬ 
phone circuits by means of placing thereon inductance coils at 
intervals. The papers referred to establish the fact that in¬ 
ductance in coils spaced suitably along a telephone circuit 
will produce the same effects as uniformly distributed inductance 
and show us how to suitably locate these inductance coils. 
The matter of suitably spacing the inductance coils is of vital 
importance and must be kept in mind because the spacing of the 
inductance coils is the key to the use of lumped inductance and 
it is from the failure to establish this fact and give due weight 
to it that the earlier workers failed. 

I shall not undertake here to go over the theoretical ground 
which has already been so well covered in the papers referred to, 
but before describing some of the practical applications of load¬ 
ing to open wire lines and cables, and discussing the results 
which have been obtained and mentioning some of the diffi¬ 
culties which have been overcome, I will state the results of the 
fundamental work on this question for those who do not care to 
follow through the mathematical papers on this subject. 

In the study of any telephone line, with reference to its effi¬ 
ciency as a means of transmitting speech, two important factors 
must be considered. These we ordinarily characterize as 
“ volume ” and “ quality.” 

Volume refers to the loudness of the sound which may be 
obtained from the telephone receiver at the distant end of the 
line, and the efficiency of the line as regards this factor is de¬ 
termined by the ratio of the amount of energy received at the 
distant end of the line to the amount of energy put into the line 
at the transmitting end. 


Quality refers to the clearness of the speech which may be ' 
obtained from the current at the receiving end of the line. The 
efficiency of the line as regards quality is determined by the degree 
that the shape of the current wave at the receiving end of the 
line approximates to that of the current wave impressed upon 


1. Transactions of American Mathematical Society, page 259 July 
T * ANSACTIONS A - L E - E " 1900 ’ xvn . P- 445; Transactions 

f', E -’ 1899 > Xvl ' P- 93 ; Electrical World and Engineer , October 
12, 1901, page 587. 

2. Philosophical Magazine , March, 1903. 
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the line at the sending end. A line which would transmit all 
the frequencies concerned in the telephonic current with equal 
attenuations of all these frequencies and with the same velocity 
would transmit without distortion, and its quality might be 
considered to be perfect. 

For the present I will confine my attention to the matter of 
the volume qf speech transmitted. The formula for the at¬ 
tenuation of a telephone circuit, excluding the effects of terminal 
conditions which react on the portions of the line near the ends, is 

a = \/ § ^W+¥^XS 2 +P t C 2 )+ i(5 R -pLC) (1) 

in which the symbols have the following significance: 
a = attenuation constant per unit length. 
i? = resistance “ “ “ 

L = inductance “ “ “ 

C —capacity “ “ “ 

5=conductance “ “ “ 

p = 2ir (frequency). 

This attenuation constant is a measure of the efficiency of the 
line, for on any line if the amount of current impressed on it at 
the sending end is known, and the attenuation constant is known, 
the amount of current at any point along the line may be de¬ 
termined by the formula 

i = I e~ m * (2) 

in which i»thc current at any point; 

I-the initial current, and 

w = the distance from the initial point of the line to the 
point at which the current (*) is to be ascertained. 
Equation (1) may be simplified somewhat by making 

5-0, 

as this item 5, representing leakage and dielectric dissipation, 
is always made as small as is commercially practicable and is, 
in most cases, sufficiently small to be negligible in its effect 
upon the general result obtained. With this simplification, 
equation (1) becomes 

R*+pL*-p L) 


( 3 ) 
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An examination of this equation shows that the attenuation 
constant will be reduced as the inductance of the circuit, L , is 
increased. I have already mentioned the fact that no satis¬ 
factory commercial method has been suggested or devised for 
uniformly increasing the inductance. The result of the work 
published about 1900 shows us, however, that we can obtain 
the same favorable effects by placing suitably spaced lumped 
inductance in the circuit as would be obtained from uniformly 
distributed inductance without the fatal difficulties encountered 
in endeavoring to place any considerable amount of distributed 
inductance. This work shows us that if more than 7r inductance 
coils per wave length are placed upon a telephone circuit the 
effect of these coils will be approximately the same as the effect 
of an equal amount of inductance uniformly distributed along 
the circuit. If less than tv coils per wave length are placed the 
results are unfavorable. As the number of coils per wave 
length is increased above tv the effect very rapidly approaches 
the effect produced by uniformly distributed inductance so that 
if as many as six coils per wave length are placed on the circuit 
the effect of the inductance thus placed is within 4 per cent of 
that of uniformly distributed inductance. The wave length in 
a telephone circuit is easily computed by the following formula; 

_____ 2 TV 

\/i V WWWWW^)- f(S R-p* L C ) (4) 


■in which the symbols have the same meaning as in (1) above. 
To a PPly this formula to a circuit which it is proposed to load, 
it is necessary of course to take account of the reaction of the 
inductance which is to be added to the circuit in the form of 
loading coils, because this inductance affects the wave length. 
Therefore, the inductance value in.the formula given above must 
include the proposed loading. In order that all frequencies 
which are of importance in connection with the transmission of 
articulate speech shall be cared for by the proposed loading, the 
frequency employed m this formula must be the highest fre¬ 
quency which takes a necessary part in the clear transmission of 
speech. It is not found that it is necessary that this spacing of 
the loading coils should be absolutely uniform. It is important, 

SPaCmg Sh ° Uld n0t d6part substan tially from 
Without undertaking here to give the equations dealing with 
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the effects of loading on the quality or clearness of speech, it 
may be stated that it is found both mathematically and ex¬ 
perimentally that loading makes the attenuation more nearly 
equal as between the different frequencies which are important 
in connection with speech transmission and that loading, there¬ 
fore, increases the clearness of such speech and improves the 
quality of the line, particularly on underground cable circuits 
where, on account of the relatively large amount of capacity 
in relation to the other characteristics of the circuit, the quality 
without loading is noticeably inferior on long circuits. 

Broadly speaking, it may be stated that what we have done 
in applying loading to long telephone lines is to adopt the neces¬ 
sary measures to enable us to obtain the advantages of a high 
potential transmission system, that is, of transmitting the 
electrical energy from the sending end to the receiving end of 
the line with a high voltage and a small current as compared 
with the small er voltage and higher current which is found on 
unloaded lines. That this is the result which we are actually 
accomplishing by loading our lines is shown not only from the 
study of the equations dealing mathematically with the propaga¬ 
tion of telephone currents over loaded and unloaded lines, but 
it is also further established by actual studies and tests on 
working lines. We have, therefore, broadly speaking, taken the 
same step which electric light and power people have taken to 
improve the efficiency of their long lines. On account, however, 
of the very different electrical characteristics of telephone lines 
and currents and high tension electric light and power lines and 
currents the means which it has been necessary for us to adopt to 
accomplish this result have been very different from those 
adopted by the electric light and power engineers. 

In the case of power which is to be transmitted at relatively 
low frequencies, usually 66 cycles a second or less, over lines of 
relatively short length, say, cables 10 miles long and open wire 
circuits 100 miles long, it is sufficient in order to transmit the 
energy with a high voltage and a small current to arrange the 
receiving end of the line by means of a transformer or otherwise 
so as to give a great reactance, and to place high potential ap¬ 
paratus at the sending end of the line. Electrically the line is so 
short that the reactance at the receiving end may be. consid¬ 
ered to be working directly against the high potential gen¬ 
erating apparatus at the sending end and hence the desired 
result is obtained. With the telephone current, however, which 
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is of high frequencies, and telephone lines which are often very 
long, the situation is entirely different. Increased reactance 
placed at the receiving end of the line does not make itself sub¬ 
stantially felt at all at the sending end of the line. To obtain 
the proper reactance for high potential sending apparatus to work 
against, it is necessary, therefore, in the case of telephone lines 
to distribute the reactance along the line. 

The electrical characteristics of open wire lines and of tele¬ 
phone cables are substantially different from each other. The 
following table gives the constants of two typical telephone 
cables and of a typical open wire line: 


The essential differences between the characteristics of these 
circuits, from the point of view of loading, will be seen by 
examining the figures in the above table. In the case of under¬ 
ground cable, the capacity is relatively high and the inductance, 
on the other hand, is relatively small. On overhead lines, 
however, the capacity is relatively small and the inductance of 
the circuit, even before it is loaded, is not negligible. The insu¬ 
lation of cables is constant while that of aerial lines varies with 
the weather conditions. On account of these differences in the 
electrical characteristics of these two types of circuit the design 
of the loading coils used on them, the proper spacing of the load- 
mg coils, and the results obtained from loading are somewhat 
different in the two cases. The principles employed are the 
same in both cases, but the different characteristics of the lines 
bnng about in the loading different di mpn.Qirvnc Kry-tl-i 


Type of circuit 

Cable 

Cable 

Open wire 

Loop resistance, ohms per mile. 

88 

28 

10.5 

| Mutual capacity, microfarads per mile.. . . 

0.07 

0.07 

0.008 

j Inductance, henrys per mile. 

0.001 

0.001 

0.004 

Insulation resistance, megohms per mile 

500 + 

500 + 

1 to 100 

1 
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In a few cases a third style of loading, known as “ light ” loading, 
is employed. These three styles of loading differ in the amount 
of inductance placed upon the lines and hence in the improve¬ 
ment in transmission obtained from the loading. The heavy 
loading, as the term would suggest, places the greatest amount of 
inductance on the line and requires coils placed at closer intervals. 
This heavy loading employs about 0.2 henry per mile and the 
spacing between coils is about 1| miles; medium loading pro¬ 
vides 0.1 henry per mile with the coil spacing of about If 
miles; light loading employs 0.05 henry per mile with a spacing 
of about 21 miles. The coils for these various loadings are 
made up on similar cores so that the coils differ only in reference 
to the windings placed thereon. A description of the coil cm- 


I 


PUN Oh OOftf. ONOM MOTION op com 

DIAGRAM OP WINDING. AND WINDING ON A4. 

Fig. 1.—Cable loading coil 

ployed for medium loading and the method of applying it to the 
lines is as follows: 

The coil is of the toroidal type, that is, it has an iron core 
like a ring. Fig. 1 shows a cable coil. The core is made up of 
very fine iron wires. Two copper windings an* placed on tin* 
core, one to go on each side of the line. These windings are also 
indicated on Pig. 2 which shows the way the coils are connected 
in to the line. The windings magnetize the core in the same 
direction, that is, the mutual induction is added to the self- 
induction. Over these windings there is placed a layer of tape for 
mechanical protection and the whole coil is then thoroughly 
dried and immersed in a compound to keep out moisture. 

Before leaving the design of the coil it is interesting to consider 









the precautions which are taken to reduce losses in it. This is a 
very important matter as, while the inductance added to the 
circuit by the coil produces an improvement in the transmission 
efficiency of the circuit, any loss of energy in the'coil means, of 
course, a reduction in the efficiency of the circuit, and with 
poorly designed coils it would be easily possible to bring in 
losses so large that they would over-balance all the gain from 
the loading and leave the circuit poorer than before. These losses 
must be particularly guarded against because they are cumula¬ 
tive. 

The first loss to be considered is a dissipation loss resulting 
from the resistance of the copper winding of the loading coil 
itself. This loss cannot be entirely eliminated, but it may be 
reduced as much as may be desired by increasing the cross-section 
of the winding. There are, however, practical limits to this, as 
the increase in the size of the winding increases all the mechanical 
dimensions of the coil and also tends to increase certain other 
losses. 


•Diagram of loading coil windings and 
into a line 


method of connecting 
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the material of the core itself. In the case of loading coils it has 
been necessary to construct the cores of extremely fine wire and 
to coat this wire with a film of insulating material. 

Certain other losses must also be guarded against. If a loading 
coil when magnetized ■ gave an external magnetic field and there 
were any conducting materials in this field, eddy currents would 
be produced in this conducting field and would represent a loss 
of energy through the circuit. Similarly, if there were any iron 
or other magnetic substances in this field there would be likely 
to be hysteresis losses in this iron. These losses have been 


Fig. 3.—Underground man-hole containing loading coils 


guarded against by adopting the toroidal form of coil already 
described and placing the windings on it in such a manner that 
practically no external magnetic field is in any case produced. 
The designing of loading coils in this manner has not only elim¬ 
inated external losses but makes it possible to place loading coils 
in close proximity to each other without introducing cross talk 
between the circuits involved. It is interesting to consider that in 
so far as the losses in loading coils are concerned they very closely 
resemble the losses which must be guarded against in the con¬ 
struction of, for example, dynamo armatures in electric light and 
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power practice. The resemblance, however, stops at this point 
and the experiences of electric light and power people in connec¬ 
tion with these losses have not been of great assistance in the de¬ 
sign of loading coils because the magnitude of current, its fre¬ 
quency and other characteristics have been so different from those 
involved in electric light and power practice. The great im¬ 
portance of reducing losses, which from the nature of loading are 
cumulative in character, has made the problem very different. 

The direct current resistance of the medium loading coil is 
about four ohms. The alternating current resistance of this 
coil, at a frequency of about 800 periods a second, is about nine 
ohms. This relatively small increase of resistance at such a 



LENGTH OF CIRCUIT IN MILES 


Fig. 4.—Efficiency of No. 19 B. & S.gauge cable unloaded and medium 
loaded, with substation apparatus located directly at the ends of 
the circuits 

high frequency is a good indication of the skillful design and 
careful manufacture of these coils. 

The method of placing loading coils in cable circuits is il¬ 
lustrated by Fig. 3, which shows the photograph of a manhole 
containing loading coil cases. The cases which you see in this 
photograph each contain 49 loading coils. These are arranged 
in the case on seven spindles, there being one spindle' in the 
middle of the case and six spindles arranged around it. The 
case is filled with insulating compound and special precautions 
are taken between the flanges to exclude water. Extending from 
the case to the main cable is a stub cable containing the wires 
leading into and out of the loading coils. This is spliced into 
the mam cable so as to loop a loading coil winding into each side 
of each circuit which it is desired to load. In some cases where 
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it is desired to load aerial cables, cases similar to those shown 
in Fig. 3 arc buried at the base of the pole and the stub containing 
the wires run up the pole to connect with the aerial cable. 

The results obtained by applying medium loading to No. 19 
B. & S. gauge underground cable, having a capacity of about 
0.070 microfarads per mile, are shown in Fig. 4. In this figure 
is also shown the transmission efficiency of the unloaded cable. 
All of these transmission efficiencies are measured in terms of 
what we call standard No. 19 gauge cable. This standard 19 
gauge cable is cable having a resistance of 88 ohms per loop mile 
and a mutual capacity of 0.054 microfarads per mile. Cables 
as now manufactured have in general higher capacities than 
this, but when the earlier transmission tests were made cable 
having a mutual capacity of 0.054 was in common use and was 
therefore adopted as the standard and it has been convenient 
to retain it as such. Wherever in this paper, unless otherwise 
stated, the efficiency of a circuit is spoken of as being equivalent 
to so many miles of standard cable or Of so many miles of cable, 
the cable referred to as the unit of measurement is 19 gauge 
standard cable as defined above. It is for this reason that 
the efficiency of the unloaded cable in Fig. 4 is not quite 
equal to that of the standard cable used as the unit of 
measurement. 

The efficiencies of the loaded circuits, shown in Fig. 4, are 
those obtained with substation instruments located directly at 
the ends of the loaded circuits. One curve is given showing the 
results obtained by the use of terminal transformers anti the 
other without the use of such devices. These curves bring out 
clearly a peculiarity of loaded circuits which should be consid¬ 
ered at this point. The loading of a circuit, either underground 
or aerial, brings in at the ends of the loaded circuit whether the 
circuit is connected directly to substation instruments or to un¬ 
loaded circuits an effect which we have called reflection losses. 
That is to say, at the ends of the loaded circuit there are certain 
losses which take 1 place which are substantially independent 
of the length of the loaded circuit involved. These lo s ses as 
between loaded and unloaded circuits are dependent upon the 
relative electrical characteristics of the loaded and unloaded 
circuits. In the case of substation instruments, connected di¬ 
rectly to the ends of a loaded circuit, the terminal losses are de¬ 
pendent upon the relative electrical characteristics of the sub¬ 
station instrument and of the loaded line. Terminal or reflec- 
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tion losses, of course, also exist between unloaded lines of dif¬ 
ferent characteristics, for instance, as between unloaded under¬ 
ground cable and unloaded aerial lines. They would also be 
found between substation instruments and unloaded lines of 
various kinds. In all these cases, however, they are small in 
magnitude and it is only in the case of loaded lines that they 
assume such proportions that they must be given consideration 
in connection with general engineering. 

I have been speaking of the terminal losses observed in 
connection with loading as though they pertained particularly 
to the loaded line. It has been convenient to so speak of them 
but, of course, they actually pertain to the combination of loaded' 
lines with unloaded lines or standard substation equipment, and 
properly are no more associated with one than with the other 
but rather result from a combination of the two. As, however, 
the substation instrument and the unloaded lines were in service 
for a considerable time before the use of loaded lines, it has been 
convenient to associate these reflection losses with the loaded 
lines and consider the electrical efficiencies of the unloaded lines 
and the substation instruments to remain unchanged. 

Various devices have been successfully employed to reduce 
terminal losses, although no plan has been worked out which 
would completely eliminate them. The plan used most suc¬ 
cessfully to-day for eliminating terminal losses is a device known 
as a terminal transformer. This is a transformer or repeating 
w 1C tiers from the standard telephone repeating coil in 
that there are more turns on one winding than on the other 
it is used in the same way as an ordinary transformer in electric 
light practice, the high potential side being connected with the 
loaded line and the low potential side with the unloaded line. 
For ordinary conditions of loading the ratio of the two windings 
is usually either 1 to 1.4 or 1 to 2. The effect of the terminal 
transformer m reducing terminal losses is well shown in Fig 4 

ItL ? ^ f ° r the tW ° Gnds 0f a medium loaded line 

caWe wXtT - r T f S iS ab0Ut 5 ' 75 miles of standard 
_ ble. With terminal transformers this is reduced to 2.5 miles 

These figures are for cases where the telephone substation ap- 

l^ratus is located directly at the ends of the loaded line Where 

there is a length of unloaded line between the loaded line and 

grLTaJ ffTe tf ara T ** “ “ ^ loSSeS are not 30 

e extent to which the varying amounts of urn 
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[oaded line reduce terminal losses is shown by the following 
figures: 


Amount of 19 gauge unloaded cable 
at each end of loaded circuit 

Amount of terminal losses at both ends 
of a loaded circuit—medium loaded 

Without terminal J 

transformers 1 

With terminal 
| transformers 

None 

5.75 

2.5 

1 mile 

4.0 

2.0 

2 miles 

3.0 

1.50 

3 miles 

2.2 

1.15 

4 miles 

1.6 

1.0 

5 miles 

1.25 

0.9 


While terminal losses are substantially independent of the 
length of the loaded line, they are affected by the character of 
the loading of the line. The heavier the loading the greater the 
reflection losses. While with medium loading the reflection 
losses, as shown by the above table, with no unloaded cable at the 
ends of the circuit, are 5.75 miles without terminal transformers 
and 2.5 miles with terminal transformers, the corresponding 
figures for heavy loading are 7.8 miles and 3.5 miles. These 
figures are, of course, reduced as in the case of medium loading, 
by having unloaded cable at the ends of the loaded circuit. 

If it were not for these terminal losses, and neglecting leakage, it 
would be practicable, theoretically at any rate, to indefinitely in¬ 
crease the efficiency of a 19 gauge circuit by adding more and more 
inductance to it. Even without terminal losses, however, this could 
not practically be done", because more and more loading coils would 
have to be added as more inductance was added, and these woulfl 
in turn bring in larger and larger losses until finally the further 
gains from adding inductance would be offset or more than offset 
by coil losses. The increasing effect of leakage as the weight of 
loading is increased also has a limiting effect. Aside from these 
effects, terminal losses, which increase as the amount of in¬ 
ductance added to the circuit is increased, place a limitation 
beyond which it is not advantageous to increase the amount of 
loading on the circuits. This is illustrated by Fig. 5, which gives 
the efficiency of medium and heavily loaded 19 gauge conductors 
and on which, for the purpose of comparison, the efficiencies of 
varioUs gauges of unloaded circuits are also given. It will be 
seen from this that by taking into account the reflection losses 
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which are here given at about an average for various conditions, 
the medium loaded circuit is more efficient than the heavily 
loaded circuit in lengths up to four miles. Beyond that point 
the heavily loaded circuit is more efficient, although even at 12 
miles the difference is not largely in favor of the heavy loading. 

It is interesting to consider from this diagram what results 
have been obtained from loading 19 gauge conductors. For a 
length of circuit equal to 4.5 miles the 19 gauge conductor with 
medium loading is as good as a 1(5 gauge conductor unloaded; 
that is to say, loading has made the circuit containing half the 
copper as good as the larger circuit without loading. For a 
length of 11 miles a loaded 19 is as good as unloaded 12 weighing 
four times as much as the 19 gauge conductor. 


' “naencyotNo. 19 B. & S. gauge cable loaded, (medium and 
eavy), with terminal transformers and one mile unloaded l«m 
at each end; also efficiency of unloaded cables of varimT gaug„ ‘ 

^erground circuits, requiring a greater transmission 
efficiency than can be obtained by the use of heavily loaded 11) 
gauge cable circuits, it has been found best, all things ccmsid 

heavily ^ than to k,Hti "W* 

heavily. Many cables containing 16, 14 and 13 B. & S. gauge 

conductors have been laid and loaded. ** g ® 

The most interesting existing cable containing large gauge 
conductors is the New York-Philadelphia cable which wat h d 

Sditin 7 rS T bet 7 een these two ^ order to ^n i 'le 

Most ofohe 1 c CUltS t and !?. msu [ e the service against storm damage. 
Most of the circuits m this cable are of 14 B. & S. gauge and i htv 

are heavily loaded. That is, there is 0.2 henry per mile a t 1 m 

the cable circuits by means of loading coils. Thr» * I i <n V1 ■ * L 1 J L ' .1 
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on these circuits are given in Fig. 6, assuming average terminal 
conditions. The results obtained by this loading are most satis¬ 
factory. The distance between New York and Philadelphia, 
following the route of the cable, is 90 miles and this distance is 
indicated on the diagram. It will be seen that for this distance 
the circuits have an efficiency of 13 miles of standard cable. 
If unloaded, these circuits would have an efficiency of about 
60 miles of standard cable. Over such circuits no commercial 
service could be given between New York and Philadelphia. 
Without loading, even 10 gauge conductors would have given 
unsatisfactory results, so that by means of loading we have been 
able to obtain results between New York and Philadelphia over 



Fig. 6.—Efficiency of No. 14 B. & S. guugo cable with heavy loading. 
(New York-Philadelphia cable): terminal losses with terminal 
transformers and one mile loop: also unloaded cables of various 
gauges 

14 gauge conductors that could not have been obtained with con¬ 
ductors of much greater weight without loading. 

While this New York-Philadelphia cable represents the longest 
loaded underground cable to-day in use anywhere in the world, 
a project hits been approved and is now under way which will 
far surpass it. This project is for an underground cable ex¬ 
tending between New York and Washington in one direction 
and New York and Boston in the other. The largest conductors 
in this cable will be No. 10 B. & S. gauge and by means of loading 
wc confidently expect that we will la; able to obtain thoroughly 
satisfactory results between New York and either Boston or 
Washington, and that it will even be possible to obtain service 
through this cable between Washington and Boston should storm 
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damage to the open wire lines render this necessary. The loading 
of this cable will be of particular interest as it will represent flu- 
first large application of the phantmning of loaded cable cm nit : 
and the loading of phantom cable circuits. In order to ac¬ 
complish these results it is necessary to adopt special arrungi- 
ments of the windings of the loading coils. The winding; , on Un¬ 
loading coil used for loading the side circuits arc arranged a. 
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serious losses, but also crosstalk which would be very difficult 
to deal with. The current in the phantom circuit flowing through 
a coil with windings on it as shown in Fig. 7 does not magnetize 
the loading coil at all, as each winding is neutralized by a cor¬ 
responding winding on the other side of the line. Such coils 
may be used to effectively load the side circuits of a phantom 
combination and in as far as the phantom itself is concerned 
they act only as resistance which is very small in amount. This, 
however, does not load the phantom circuit, which of course 
is a desirable result to attain. To load the phantom circuit a 
coil with windings as shown in Fig. 8 is employed. It will be 
seen by tracing out the winding of this coil that to the current 
flowing in the phantom circuit it acts like an ordinary loading 
coil, that is, all windings magnetize the core in the same direction. 
To currents flowing in either of the side circuits, however, it acts 
only as dead resistance. The arrangements described above 
in connection with the application of loading coils to phantom 
circuits and to the side circuits of phantom circuits have been 
successfully applied to open wire lines as well as to underground 
cables. 

1 Loading Open Wire Lines 

Gratifying as have been the results obtained from the use of 
loading on underground cables, its application to open wire cir¬ 
cuits has also resulted in most noteworthy improvements in 
their efficiency. The general plan of loading open wire circuits 
is similar to that used on underground cable wires. On account 
of the differences in the electrical characteristics of open wire 
circuits, as compared with cable circuits, however, the design 
and spacing of the loading coils is materially different from the 
coils and the spacings used on underground cables. In general, 
only heavy loading is used on open wire lines on account of the 
greater length of these lines. The coils themselves are sub¬ 
stantially larger than those employed on cable circuits for two 
reasons—in the first place the coil is subject to damage by light¬ 
ning. In order to minimize this difficulty the coils must be 
built to have high breakdown strengths against lightning 
discharges. All aerial coils are built so that they will stand a 
breakdown test of 8,000 volts. This, of course, considerably 
increases the size of the coil. The coil is further increased in 
size by the fact that, as an aerial circuit is initially a good deal 
more efficient than an underground circuit, it is necessary that 
the coils used in loading it should have smaller losses than are 



permissible in underground cable loading coils. The unn sdc 
diameter of the aerial loading coil is almut |o im hi and the r ,.» 
sistance of the two windings of the coil to direct ctirn-m U 
2.5 ohms while to alternating currents of n frequency of HIM) 
periods a second it is (5.5 ohms. In addition to building th» ttJ jj 
so that it has a breakdown strength of 8,(KM) volts, earls n ,jj j s 
protected by a pair of lightning arresters adjusted t., o Jwalt , 
at 3,500 volts. These precautions have jr.a.d 
reduce trouble from lightning on aerial loading toil* t„ n 
gible amount. h 

Low insulation which is sometimes encountered on open wire 

lines, particularly in periods of bad weather, prtn : . • , 
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of arranging them so that they will be free from substantial cross¬ 
talk has required attention. Due to the fact that much of the 
crosstalk disturbance in telephony is from electrostatic induc¬ 
tion it is to be expected and it is found in practice that the 
loading of a circuit increases its tendency to crosstalk. In the 
early applications of loading to open wire lines some trouble was 
experienced from crosstalk and special transposition systems 
were devised to overcome these difficulties and it was further 
found necessary to locate the loading coils with special reference 
to the transpositions. On underground cables it has been found 
that loading also increases the crosstalk somewhat, and in these 
we arrange to reduce the capacity unbalances in order to reduce 
crosstalk to a sufficiently low point. 



Fig. 10. —Loading coils placed on an open wire line on “ H ” Fixtures 

The loading coils for use on open wire circuits are placed in 
individual cast iron cases and these are placed on the poles or 
crossarms as in Figs. 9 and 10 which show illustrations of two 
common arrangements. The line is carried to the loading coil 
by means of bridle wire. The lightning arrester is placed in 
a separate case and bridle wire is also extended to it. 

The results obtained by the use of loading coils on the No. 8 
B. W. and No. 12 N. B. S. gauge wires, which are the standard 
sizes used in the long distance plant of the Bell system, are 
shown in Fig. 11, in which for the purpose of comparison the 
efficiencies of the unloaded circuits are also given. This diagram 
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shows terminal losses with the conditions which may be consid¬ 
ered as average. The general reflection loss problem with over¬ 
head lines is the same as with underground cables, and having 
been discussed in detail in connection with such circuits it need 
not be repeated here. As will be seen from Fig. 11 the results 
obtained from loading open wire lines have been to more than 
double their transmission efficiency when used in considerable 
lengths. 

One of the very valuable results which has followed from the 
loading of open wire lines has been that it has made a very sub¬ 
stantial extension to the distance over which long distance 
service can be given. Up to the time that loading was success¬ 
fully applied to No. 8 B. W. G. wires, about 1,000 miles repre- 



. r c y- ana No. 12 N. B. S. G. open 

wire lines loaded and unloaded with average terminal conditions 

sented the greatest distances over which commercial service was' 
maintained. By the loading of No. 8 circuits this has just been 
extended to 2,000 miles, so that to-day it is practicable to obtain 
a successful telephone conversation from New York to Denver. 
The actual distance between these two points by the route which 
the line follows' is 2,010 miles. 

, A mV*** use has been made of loaded cables in 

wTX h OP ^ Wir \ lmeS int ° large cities - Loaded cables 

bn " g unloaded °P en wire lines into 
btfso tS ?° mmurutles ’ in this case the gains have not 
' great because it is not practicable to place terminal 

r- dllc >y reflection losses between the outer 

Cir “ ilS “ d “ri»l lines, and 
nence reflection losses are experienced. 
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This practical impossibility of placing reflection reducing 
devices between open wire and cable has also made it impossible 
to obtain the full benefits from loading in those cases where 
short stretches of cable are placed in the middle of toll lines— 
e.g ., in communities where the appearance of the open wires is 
objected to and requests are made to place them underground. 
If the open wires are loaded the trouble is not so great as a 
coifLparatively heavy loading can be used without excessive 
reflection losses. For non-loaded open wires, the loading of the 
cable if attempted at all must be very light if the reflection losses 
are not to offset any gain from the reduced attenuation.- 

For these reasons and also because cable circuits loaded or 
non-loaded are inherently less efficient than, open wire circuits 
it is important that every effort be made to keep toll lines as 
free as possible from cable. 

Loading of Submarine Cables 
The problem of loading submarine cables is a mechanical one 
rather than one concerning the principles of loading. In this 
country a 16 B. & S. G. dry core paper submarine cable about 
5 miles long and containing loading coils spaced about 2 miles 
apart has been successfully laid across the Chesapeake Bay and 
is now in operation. There has also been talk of .laying a dry 
core loaded submarine cable across Puget Sound for a distance 
of 16 miles. The situation in the United States, however, is 
not such that large numbers of loaded submarine cables of any 
great length are required. Abroad, however, particularly be¬ 
tween England and the continent and between England and 
Ireland submarine cables of considerable length are needed for 
telephone purposes and in these situations loaded gutta-percha 
submarine cables have been employed with successful results. 

Extent of Application of Loading 
It is evident that a device making such great improvements in 
the transmission efficiency of telephone circuits as does loading 
* would have a large place in the plant of any company providing 
a comprehensive system of telephone service over a large area, 
a condition necessarily requiring long cables and long open wife 
lines. Although the loading art was born in 1900, and its suc¬ 
cessful commercial application on an extensive scale to our plant 
dates only from about 1903, there are already in the United 
States over 85,000 miles of loaded open wire circuits and over 
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170,000 miles of loaded underground cable circuits. To load 
these circuits there have been employed about 125,000 loading 
coils. The day-by-day experience with this enormous loaded 
line plant has fully demonstrated that we are in practice ob¬ 
taining the successful results which the engineering data that I 
have set forth would lead us to expect* 

The facts which have been herewith developed have, 1 think, 
been more than sufficient to justify the statement at the be¬ 
ginning of this paper, that the year 1900, in which the loading 
patents were issued to Professor Pupin, marked the loginning of 
an important era in telephone work. I do not know of any pm!** 
lem in electrical science and electrical engineering which has 
required greater skill, technical ability and diligence on the part 
of those engaged in its solution— inventors, engineers, manu¬ 
facturers and construction people— than has the working mil 
and the application of loading, and if is a pleasure to hr able to 
present to you a statement of the results which they have 
accomplished. 
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Discussion on “Commercial Loading or Telephone 
cuits in the Bell System.” Chicago, June 


On*' 

1911 


E. H. Bangs: One of the most valuable features of Mr, 
Gherardi’s paper is its frank admissions in regard to the practical 
limitations of circuit loading. .In the past there have been some 
extravagant claims made for the possibilities of this practice, 
and this paper, in its description of the actual results obtained m 
the best practice is most welcome. 

Mr. Gherardi answers, in a way, a question that has been put 
to me on several occasions by engineers experienced in power 
transmission as to why it was that the telephone engineers tin 
not long ago take advantage of the common knowledge of the 
power transmission engineers, on the subject of added inductance. 
In asking this question the power engineers say, in effect, * We 
gave you the idea. All that you had to do was to work out. the 
details.” This statement contains its own answer, an answer 
which is illustrated by Mr. Gherardi’s paper. As a matter of 
fact, it has taken from 10 to If) years of very earnest effort on the 
part of a number of people to simply “ work out the details. 
Telephone transmission is only power transmission in its most 
minute form, and of course the same laws apply to both methods 
of conveying energy. The difficulties encountered have not 
been found so much in applying known laws, as in perfecting 
practical details, and the ingenuity displayed in simply that 
portion of the problem relating to the loading of phantom cir¬ 
cuits and the phantoming of loaded circuits is of a high order. 
I think that the development of this whole problem has proceeded 
with dispatch, along logical lines, and abreast of, or well in 
advance of the economical demand for its solution. 

F. B. Jewett: While there is not much that I can add to what 
Mr. Gherardi has said on the subject of commercial loading of 
telephone circuits in the plant of the Bell system, there are one or 
two points which I think may be of interest to those who are not 
familiar with loading. One of these is with regard to the 
mathematical development which forms the foundation upon 
which our present loading practice has been built. All of our 
experience has tended to confirm this mathematical theory and 
so far as I am aware it is entirely rigorous. Although the first 
results on actual loaded circuits seemed not to agree with the¬ 
oretical expectation, we soon learned that discrepancies which 
existed resulted from a lack of reliable data as to line- constants 
at high frequencies and not to any imixsrfeetkm in the mathe¬ 
matical theory of loading. With increasing knowledge as to the 
high frequency constants of different classes of circuits, the dis¬ 
crepancies between the computed results and the results of 
actual transmission tests are each day becoming less, and t he 
theoretical forecasts more amply verified. 

Mr. Gherardi shows that the general equation for the. attenua¬ 
tion constant, which involves the four factors, series resistance. 
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series inductance, shunt capacity and shunt conductance or 
leakage can be greatly simplified by the elimination of the last 
of these constants. In the early stages of our work it was as¬ 
sumed that on both cable circuits and open wire lines having high 
insulation, this could be done. Later work showed us, however, 
that the direct current insulation-was not necessarily a criterion 
for the high frequency shunt conductance even in the case of open 
wire circuits where dissipation of energy in the dielectric would, 
at first sight, seem to be almost negligible. 

High frequency measurements during the last few years on 
both open wires and cable circuits have given us values of the 
shunt conductance which, when substituted in the general form¬ 
ula, tend to bring the computed and measured attenuation 
constants into close agreement. I have every reason to believe, 
therefore, that when we are able to determine the four line 
constants at high frequencies with the accuracy with which we 
can now determine direct current resistance, capacity and insu¬ 
lation, we will find that the formulas used in our computation 
work are rigorously in accord with the results.of actual observa¬ 
tions on loaded lines. 

The other point which I wish to mention briefly has to do with 
the enormous change which the introduction of loaded circuits 
has brought about in the terminal apparatus and outside plant, 
both in the original installation and in the matter of main¬ 
tenance. The deleterious effect of low line insulation is so much 
more pronounced on loaded circuits than on non-loaded circuits 
that the introduction of loading on a large scale has neces¬ 
sitated a very much higher grade of line maintenance than was 
ever found necessary in the case of non-loaded circuits even of 
large gauge. Also in the case of any extensive loading, es¬ 
pecially on cable circuits, the necessity of placing a large number 
of loading coils in the plant has made it absolutely essential that 
the loading applied to the various circuits be such as to give a 
resultant plant of maximum simplicity. It was early seen that 
any general attempt to engineer the loading for each particular 
line so as to give maximum efficiency to this line would result in 
a plant that was unmaintainable on account of its complexity. 
The result has been that for both open wires and cables a system 
of standard loadings has been developed and the loading of any 
particular circuit is that standard which most nearly conforms 
to the theoretical best loading. 

In the case of cable loading, especially on congested runs where 
a great number of circuits are to be loaded, it is very desirable 
that the loading coils for all circuits having a given type of load¬ 
ing be placed at the same points. This factor has reacted on the 
art of cable manufacture to the extent that all cable for loading 
is now manufactured to meet a standard capacity requirement 
irrespective of gauge or the number of conductors in the sheath 
—the standard capacity being that which will result in the lowest 
annual 1 charge on the loaded circuits of given efficiency. 
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Also the fact that the sending end impedance of lo aded lines 
is very much larger than for non-loaded lines and vanes 
with the type of loading, with resultant high and variable reflec¬ 
tion losses, has meant that we cannot connect loaded ^ s t °' 
gether and to non-loaded lines in the indiscriminate fashion per¬ 
missible with non-loaded circuits. We have, therefore^ been 
forced to design our loading so that the circuits o van toge +her 
acter, whether loaded or non-loaded, may be connected toget 
or to the terminal apparatus with-the minimum amount of^re¬ 
flection loss. Further the necessity for having 
flexibility in a large and growing plant has made it imperative 
Sat all loading be" planned with the view to futore growth and 
the necessity for avoiding special operating practices as much as 

P °Ahhough a great step in advance has been made s “ c e ^e 
first introduction of loading on commercial “ 

c-till a large am ount of development work to be done belore 
we have succeeded in deriving all of the benefits possible from 
the use of inductance coils on telephone circuits. 

E H. Colpitis: I wish to call attention to one or two features 

connected with loading; that is, the “I thSplica" 

studies and scientific investigation m connection with thes appi ca 
tion of loading are making telephony, from the standpoint of line 

transmissmn, h the rule for loading was first given us by 
PrlSi the only method of 

certain niece of apparatus introduced into the telephone tin 
would cause a transmission loss or a transmission gam, was to 
actually make a transmission talking test over the circuit. 
When the art of loading was introduced it was rec^ 
much more refined methods of-measuring the electeical constants 

of telephone apparatus and telephone hnes ^ d ®5 be dSeW 
and magnetic conditions of telephone service must ‘be^d^e opea. 
It was seen that actual telephone currents coifid:^ n g cl Sts of 
but that it would be necessary to employ high 

telephonic frequencies and amplitudes. At that time 
frequency generators had been designed whic There 

factorily deliver the necessary high frequency currents. Th er 
fore one of the first problems the telephone engineer had to 
undertake was to design high frequency g^ators capable of 
delivering alternating currents at frequencies ot trom zuu to 
3,000 periods per second. In order to employ t b is ca ^ en . 
methods which seemed most practical and 
necessary that the open circuit ek ctr°mo^ 
generators should be as nearly as possible fr 
Such generators were designed. _ ran fronted 

Among the problems of a physical nat ^f'^methods of 
the telephone engineer it was necessary to* 
measuring accurately the losses m non q 0 05 c.g.s. 

when subjected to magnetizing forces as sm 
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units and when fluctuating corresponding to alternating currents 
at frequencies of from 200 to 3,000 periods per second. The 
telephone engineer today is able to measure such losses with a 
high degree of accuracy. The engineer had to devise methods 
of measuring losses in dielectrics at the telephonic frequencies 
which I have mentioned and at the low potentials which are in¬ 
volved m actual telephone transmission. 

In addition to this, methods of measuring very accurately 
the inductance and effective resistance of loading coils were 
developed. The measurement of inductance accurately in 
terms of inductance standards is not at all difficult , but the meas¬ 
urement of effective resistance with a small current and at a 
high frequency requires most carefully designed apparatus and 
a complete knowledge of all the factors involved, many of which 
factors it would seem at first sight to the ordinary engineer 
could be neglected. 

In connection with loaded lines themselves, as Dr. Jewett has 
already indicated, we soon found that we had to take account of 
facts which had hitherto been neglected. As an instance, it 
became evident that we had to measure accurately and consider 
the effect of bridged impedances on the efficiency of loaded 
circuits; whereas, in case of unloaded circuits the effects of such 
bridges could very generally be neglected. Also, in the design 
of cables which are to be loaded it is very important that elec¬ 
trical symmetry or balance be preserved, and the engineer is 
interested in capacities and differences of capacities as small as 
one-millionth of a microfarad in lengths of 400 or 500 ft. of cable. 
He can today measure and take account of these small dif¬ 
ferences in capacities between the wires of one pair and the 
adjacent pairs. 

So far I have referred merely to measurements upon the ele¬ 
ments used in loading. A large amount of work has been done 
m connection with the development of methods of making meas¬ 
urements upon telephone circuits, in order to determine the 
various terms involved in their transmission efficiency. I men¬ 
tion these merely as illustrations of the general nature of the 
development work necessary to the present condition of the 
loading art. 


E. B. Craft: It may be of interest to note some features in 
he construction and design of the loading coils themselves. 
"L . constructing inductance coils is an old one. The use 

of inductance coils in loading, where we must deal with currents 
or very high frequency, however, involves a consideration of 
details and methods of reducing losses to a point which I doubt 
is reached m ordinary practice. 

As an example we may consider a coil such as is being used in 
loading the new New York-Washington underground cable 
circuits. The core of this coil consists of a toroid built up of 
approximately 90,000 turns of No. 38 gauge iron wire. To 
reduce losses each of these turns must be insulated from the 









lull] 


DISCUSSION AT CHICAGO 


1769 


other. This in itself was a problem of considerable magnitude 
and it eventually led to the development and use of an insu¬ 
lating enamel coating having a thickness of less than 0.0005 in. 

In working out the design of the coil windings we also had 
to consider means for reducing losses, that led to departures 
from ordinarily used methods. In order that the copper losses 
might be reduced to a permissible figure, the conductor was sub¬ 
divided, using a number of strands of enamel insulated wire, 
which, in turn, were insulated in the usual manner to provide 
a stranded copper conductor. The winding itself was then 
subdivided into sections to properly control capacity balances 
between adjacent sections of the windings. 

In the construction of the coil such as we are using m the 
New York-Washington cable there is required a total length of 
21 miles of copper wire wound around a core composed of 30 
miles of iron wire. The mechanical problems involved in the 
application of these windings were quite difficult. Toroidal 
coils have been used in the past and were usually wound up by 
hand involving a great deal of time and labor. In order that 
coils of this type might be turned out in large quantities on a 
commercial basis, it was necessary to develop special machinery 
b v which thise windings could be applied automatically, this 
has resulted in a considerable reduction in cost and increase in 


After ^the cores arc prepared and the windings applied, it is 
necessary also to give consideration to the proper control of the 
losses in the dielectrics. This has led to the application of re¬ 
fined methods of manufacture in the way of vacuum drying and 


* m Ct)iisideration of the amount of material used in their construc¬ 
tion will indicate that, when completed, these loading coils are 
of no mean proportions. As they arc applied to the line o 
cable they arc usually grouped in pots or cases similar to trans¬ 
former cases, and the larger cases containing 21 coils weigh 
in the neighborhood of 2,000 lb. and because of size and weight 
arc usually located in the manhole of the subway. . 

Various speakers have dwelt upon the necessity for adhering 
to accurate mathematical methods m calculating the electncal 
" of flic completed circuits, and the dev,ctopment of the 

design of the coils themselves has reached the stage where we 
can by flu* application of proper methods of calculation, predict 
with certainly the various electrical characteristics of the com- 
olctcd coil When we consider that these electrical charac¬ 
teristics involve not only the olnnic resistance and inductance 
of the coil, but such factors as capacity ^balance ^ 
nating current conductance as well, it can be feccn that it has been 

necessary to employ methods that have n f n ^f?^ e ct an C e 
commonly used in tins design and construction of inductance 

coils for various commercial uses. ^ f - r 

Allard Smith; It might be of interest to get ^ ^rief ^ de & T , 
how we have applied loading in conjunction with the A. l. * 
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Co. engineers to a large telephone system like that in Chicago. 
We have developed a comprehensive loading plan for the entire 
city, and have advanced the work under that plan as rapidly 
as conditions would permit. Briefly, only 10 and 19 gauge cables 
in Chicago are loaded, although there is one cable which carries 
14 gauge loaded conductors between Chicago and Milwaukee. 

Radiating out from the Chicago Telephone Co’s, toll building, 
in the center of Chicago, there are six loading paths, and these 
paths bring into the center of Chicago the trunk and toll lines 
from the outside and outlying exchanges. All of the work is 
underground. We have no aerial loading because the lines going 
out into the country are not long enough. 

There, are distributed around Chicago about 10,000 loading 
coils, which load about 19,000 pair miles of wire. These coils are 
incased in sealed iron pots and are placed in manholes, spaced 
one mile and three-quarters apart, except the coils on the Chicago 
Milwaukee cable, which are placed one mile and a quarter apart. 
These cables run out north as far as Waukegan, with 16 gauge 
conductors, and with 19 gauge conductors to Evanston—about 
12 miles. Waukegan is about 25 miles. 

Another cable runs south to Hammond, about 25 miles, with 
16 gauge conductors and 19-gauge conductors as far as South 
Chicago, about 16 miles. Also one directly west, going to May- 
wood, with 16 guago conductors; another southwest, along the 
C. B. & Q. R.R. to La Grange; another directly south to West 
Pullman. All of these cables bring the 19 gauge pairs from 
the outlying Chicago exchanges within a belt line;, say, four to 
five miles out from the city, into the toll board. The 16 gauge 
conductors bring in the exchanges still further out called the 
“ neighborhood exchanges ” and the immediate suburban ex¬ 
changes. Now we are just starting another loading path, which 
will be a belt line, continuing in a radius between exchanges 
about five miles from the center of the city. 

J. G. Wray: I would supplement what Mr. Smith has said 
by stating that in Chicago if our trunk lines were not equipped 
with loading coils, it would be impossible to carry an commercial 
conversations between offices on opposite sides of the city. If 
loading coils were not available and there were no satisfactory 
substitute, it would be necessary to provide over-head open wire 
construction for trunk lines between such offices. Such con¬ 
struction would involve high pole lines with many cross arms, 
would congest the streets and alleys and make them unsightly 
and would add greatly to the. cost of construction and main¬ 
tenance and would provide a less satisfactory service than is 
provided at present. As a matter of fact, it would bo physically 
practically impossible to provide pole lines enough to carry the 
open wire construction which would be necessary. 

The problem of local telephone transmission in a big city like 
Chicago or New York would be exceedingly difficult if it were not 
for the loading coil. I believe that this fact is not generally 
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loading, because the gain secured by increased inductance was 
practically nullified by the increased apparent resistance of the 
coils. This will be seen by comparing the apparent resistance 
of the coils with the resistance per mile of No. 8 conductors. 

It was first pointed out by the writer that the proper location 
of coils with respect to cross-talk disturbances was every (fight 
miles, at the junction of 8-mile transposition sections, or every 
5 pole in Barrett’s 1898 standard transposition system. This 
fact, taken in conjunction with the advantages of light loading 
in respect both to the effects of leakage, and the cost of installa¬ 
tion, led to the adoption of the 8-mile spacing. 

The increase in cross-talk as a result of loading is the direct 
consequence, in a large measure, of the increased transmission effi¬ 
ciency, which increases the volume of cross-talk as well as direct 
talk. At the same time the relative pro] )ortions of electrostatic 
and electromagnetic induction are disturbed and the former is 
increased. This necessitates increased attention to the electrical 
balance of loaded metallic circuits, both in open wires and cables. 
Barrett’s earlier system of transposition, known as the A B C 
system, has certain untransposed exposures and in some cases 
will permit considerable cross-talk between non-loaded circuits, 
s ° ™ use * s n °t to be recommended. The standard system 
of 1898 contains no untransposed exposures, and in general 
is much superior to the early system. 

The use of loaded circuits undoubtedly calls for a high stand¬ 
ard of maintenance, and increases the maintenance expense in 
comparison with non-loaded circuits. While this slightly dim¬ 
inishes the net commercial gain secured by loading, it presents 
n0 n?if r ^ cu ^ ar difficulties and its consequences need not be feared. 

There is a lower limit of line length which it pays to load, just 
as in the case of cables. Therefore loaded circuits cannot eco¬ 
nomically be cut up into short-haul lines, for usd part of the time. 
Equally true, loaded, circuits should not be connected to inter¬ 
mediate or way stations,, both for the reason just given anti 
further because bridged impedances are of harmful effect on 
loaded circuits in general. 

Some difficulty was experienced with the coil shown in Fig. 1, 
of the paper, from magnetization caused apparently by tele¬ 
graph currents when a loaded circuit was composited. Mona* 
currents m either side of the coil magnetized it at once, of course, 
and in some cases set up a permanent flux which impaired the 
properties of the coil tclephonically. The dividing current of 
the simplex system was much less harmful, tending only to pole 
the core at opposite ends of the diameter dividing the windings. 
The coil shown in Fig. 7 prevents any magnetization by the 
simplex, through its balanced arrangement of windings. There 
1S P r u obabl y S0I ? C advantage in using a polar duplex on either side, 
ot the composite, because of the very frequent reversals in the 
direction of current. 

ni ,S roft Gherardi: Professor wShepardson has asked a 
question concerning the connecting of loaded cable circuits with 
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open wire circuits. As I understand the question it refers to 
what special arrangements, if any, are needed when loaded 
cable circuits are to be connected to open wire lines. Is that 
the question, Professor Shcpardson? 

G. D. Shepardson: The question in my mind is whether you 
use the transformer or use the tapered loading to minimize the 
reflection, 

Bancroft Gherardi: In general we do not do either. There 
are practical difficulties in the placing of terminal transformers 
at the outer end of underground cable circuits; there are also a 
large number of practical difficulties brought in by undertaking 
to taper off the loading of a circuit. One of the greatest of these 
difficulties in connection with tapering off the loading would be 
the extensive changes and re-arrangements which would become 
necessary from time to time as it became advisable to increase 
the length of the loaded cable involved, or otherwise change the 
layout of circuits. Suppose you had a cable that ran out five 
miles and later was going to be extended two miles more. In 
case the loading on this cable was tapered there would be a 
variation in the'inductance of the loading, the spacing, or both. 
When however, the cable was to be extended, substantial 
changes would have to be made in the loading coils and their 
arrangement. In general, we aim as far as possible, to load open 
wire circuits and cables so that the sending end impedance on 
th c different classes of circuits will be the same, and so that the 
spacing of the loading coils on the two types of circuits are 
relatively the same electrically, that is to say, the relative 
soarings bear a definite relation to thc relative electrical charac¬ 
teristics of the two circuits. If these conditions are attained 
there are no reflection losses where loaded underground cable 
circuits are connected with loaded open wire circuits. In 
practice these conditions are so nearly attained that the re¬ 
flection losses in the case mentioned above are negligibly small. 

The discussion of this paper has taken so much the form of a 
statement of additional facts in regard to loading and so little 
question has been raised in regard to any of the points brought 
out in the paper that I do not see that 1 can add anything m 
closing except to thank those who have participated m the dis¬ 
cussion for bringing out many points of interest m connection 
with the subject which for the sake of keeping the paper down 
to a reasonable length were either omitted from the paper or only 
touched upon briefly. 
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company. 

In carrying out its duties, the traffic department has a two- 
fold responsibility; first, to the subscribers for the quality of the 
service that it renders to them; second, to the stockholders and 
subscribers for the economy with which it renders such service. 

The quality of the service is directly dependent upon the 
effective application of suitable methods of operation,. The 
effective application of suitable methods also bears direct y 
upon the economy, for only by the use of such methods is it 
possible to obtain the maximum efficiency of force and plant. 
Further, both the quality and economy of service bear directly 
upon the satisfaction of the telephone user or customer. The 
quality should be such as to meet every reasonable requirement; 
the economy such as to enable the company to supply service to 


It is the purpose of this paper to deal with a few of the many 
operating problems that confront a telephone company, serving 
a territory made up of several hundred communities of varying 
types ranging from a large Metropolitan area to sparsely settled 
rural districts. 

A telephone company has but one line of goods to sell, 
service. The entire capital investment in telephone plant and 
all r unning expenses are for the purpose of handling the telephone 
traffic of its subscribers or customers, and from this service is 

derived the revenue of the company. 

Under the prevailing form of telephone operating organiza¬ 
tion, the responsibility for handling the telephone traffic de¬ 
volves upon the Traffic Department, which usually represents 
about one-half the employees and payroll expense of a telephone 
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its customers at lowest possible rates compatible with a rea¬ 
sonable return on the investment, in order to encourage increase 
in subscriber development, thus constantly enhancing the value 
of the service to the individual subscriber. 

To meet these requirements it is essential that a traffic 
department should have, in addition to a proper administrative 
force, an efficient traffic engineering staff. As the work of this 
staff is what might be termed the production engineering of the 
telephone business, it is obvious that it requires a qualitative and 
quantitative analysis of all factors in any way related to the 
production of telephone service. 

The principal factors entering into the production of tele¬ 
phone service, which must be the subject of engineering study, 
are as follows: 

1 . Quality of service. 

2 . Efficiency of labor. 

3. Efficiency of operating methods. 

4. Production efficiency, of central office equipment. 

5. Production efficiency of trunk and toll circuits. 

The following discussion of certain phases of traffic engineering 
problems, in the order above indicated, is based upon some of the 
results of studies made in the territory of the New England 
Telephone & Telegraph Company, as it is with the work in this 
territory that the writer is most familiar. This engineering work, 
however, is a part of and is carried on in conjunction with that 
of the engineering staff of the American Telephone & Telegraph 
Company, for the purpose of making comprehensive funda¬ 
mental studies. 

Quality of Service 

^ From the standpoint of the telephone user, the essential qual¬ 
ities of telephone service are accuracy, speed of connection, and 
uniformity in both speed and methods of handling calls. These 
requirements are equally essential from the standpoint of the 
telephone company. Accuracy and speed of connection mean a 
minimum of waste effort, motion and time. Uniformity in 
speed and in the method of handling calls trains the telephone 
user to cooperate with the operator to the same end, with the 
resultant effect of satisfaction to the telephone user in smooth, 
speedy service, and for the company a maximum production 
efficiency by the operating force and an economical use of 
switchboard equipment. 

As the result of constant study there has been developed a 
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systematic method of service inspection which is now practically 
standardized among the larger operating companies. By means 
of suitable apparatus, observations are made on every step in 
the handling of a telephone call. By the use of stop watches 
the time intervals of each step in the operation are accurately 
observed and a code record made, sufficiently comprehensive 
to permit the analysis of the tabulated results of these observa¬ 
tions. A sufficient number of calls is observed during the hours 
of regular traffic to insure the results being representative of the 
general grade of service being given in the office under observa¬ 
tion. This service observation is practically continuous in all 
large exchange districts. 

Equally careful analysis is made of the phraseology used by 
the operator in dealing with the subscriber. This latter is no 
small factor in accurate and speedy service. A telephone opera¬ 
tor has to handle calls from subscribers of all types and charac¬ 
teristics and under all conditions. Every word and phrase used 
by the operator in dealing with a subscriber is the result of long 
and careful study and is designed to convey essential and sig¬ 
nificant information or direction in briefest possible form. 

Another record essential to the analysis of service quality is 
what is termed the “ record of service criticisms.” This is 
especially valuable as it furnishes a record of the subscribers’ 
opinions of the quality of service. 'Phis is a record not only of all 
formal complaints which arc received, but also of data collected 
by all supervising employees in the central offices who have 
occasion to deal with any subscriber in connection with an ab¬ 
normal telephone call. The record is made by noting in code, 
on a proper form, any comments received indicating the fact and 
nature of any unsatisfactory service that the subscriber has had, 
either then or at some previous time. Every one of these cases 
is followed up and before the record is filed for summarizing, 
the reasons for the unsatisfactory condition are entered thereon. 
Besides affording an opportunity to adjust matters to the satis¬ 
faction of the subscriber, the analysis of these criticisms fur¬ 
nishes valuable* data as to the most frequent causes of unfavorable 
opinion of service quality, and affords the opportunity of elim¬ 
inating or minimizing these causes. It is of the utmost im¬ 
portance, not only as good business policy, but also to assist 
in the analysis of service quality, that every effort be made to 
obtain fair criticisms from the viewpoint of the customer.. 

Continuous study and analysis of the results of service ob- 
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servations together with the data obtained from the record of 
criticisms, has made possible the adoption of standard operating 
methods designed to give satisfactory service. All calls of 
abnormal type involving special handling, are transferred to 
special operators whose sole duty is to care for this class of 
traffic. This results in removing the most disturbing elements 
from the work of the “ A ” or subscribers' operators, and in 
providing special attention for such calls on the part of employees 

especially trained for that work. 

The adoption of standard methods of operation and the setting 
of standards of speed and accuracy, has made it possible to 
reduce all operating procedure to standard sets of instructions 
for the guidance of all employees concerned. I he tabulated 
results of service observations furnish the administrative force 
with the information as to how nearly the standards are at¬ 
tained, while the instructions furnish information as to how to 
attain them. 

Efficiency of Labor 

In determining the efficiency of labor, or the production effi¬ 
ciency of an operating force, it is necessary that standards of 
labor production be established, and that provision be made for 
significant reports or summaries which will indicate how nearly 
these standards are approached. It is not sufficient merely 
to compare results in various exchanges or in the same exchange 
at different times on the basis of the traffic handled regardless 
of the conditions attendant upon its handling. Such a compari¬ 
son assumes to set as a standard the operation in some particular 
case. It assumes that at some other place or time an operation 
was performed with greater efficiency, and, therefore, it should 
be performed here or now at the same efficiency regardless of 
whether it is exactly the same proposition in both places or at 
both times. 

The operation of a telephone switchboard comprehend# the 
handling of many different kinds of traffic, and a separate stan¬ 
dard is required for the handling of each. To express the degree 
of efficiency attained as a per cent of these various standards 
would not only be an interminable task but would give so many 
individual results that their study and co-relation would be 
impracticable. 

It is necessary, therefore, that a method be employed which in 
a single percentage figure will show the degree of efficiency at¬ 
tained. This result is accomplished in the following way: 
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All calls handled are expressed as though they had be.en of a 
single class. This is done by multiplying the number of calls 
of each class by a factor representing the ratio of the labor o 
handling the calls of a particular class to the labor of handling 
calls of the class selected as the unit class. . 

The standard number of these unit calls which should be han¬ 
dled being determined, the per cent of efficiency is readily ob¬ 
tained by comparing the results obtained with those specific 
as a standard. From the foregoing, it will be seen that this 
method involves not only the selection of some unit, but the 
determination of the number of unit calls and the number of 
cafis of other types that may be handled by average skilled 
operators within a given period, and the establishment of 
coefficients representing the ratio of the loads of each type o 
call to that of the unit class. 

A flat rate non-trunked call handled on a No. 1 relay board 
was selected as the unit call for two reasons. _ It is a very simple 
tvpe of call and one which predominates in number in mos 
offices. Furthermore, it is of such a class of call that the number 
an operator can handle depends primarily upon her ability, and 
not upon circuit conditions. 

The determination of the number of unit calls and the number 
of calls of other classes that operators could handle, involved a 
most exhaustive study of operating loads. This study con¬ 
sumed a period of over two years during which many thousands 
of observations were made covering all types of calls, normal 
and abnormal, from all classes of service. As a result of this 
study, it was found that an average skilled operator, working m 
a team of five or more operators, could carry 230 unit calls per 
hour and maintain that rate during the entire working day, 
without undue physical or nervous strain, at the same time 
giving a standard quality of service. Furthermore it was found 
that, for a single hour in each half day period an operator could, 
without material impairment of the service, handle 25 per cent 
more than this number. Even this load could be exceeded at 

times of unusually sharp peaks. . 

The ability of the force to carry the peaks at loads m excess 
of the average busy hour loads, is an important factor in de¬ 
termining operating force requirements. Fig. 1 shows in per¬ 
centages the actual distribution of traffic in two offices for the day 
hours. The curve marked A is that of an office of the best type 
of residential subscribers, while the curve marked B is that of 
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an exclusively business office. The operators at A am carry 
the busy hour traffic at loads exceeding those of the average 
busy hours, while the operators at B will carry the standard 
load. With an equal amount of daily traffic in both offices, 
the same number of operators will handle the busy hour traffic 
of A as are required to handle the busy hour traffic of B. 

In the evolution of this system of equating calls covering 
two years of exhaustive study and some four years of practicral 
application, its value and accuracy have been thoroughly tested. 
Its value lies not only in the fact that it furnishes a means of 
measuring the efficiency of lahor, anti is essential in measuring? 
the efficiency of some of the other four factors mentioned j„ or>el1 . 
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hours, and in practical operating work under capable instructors 
on a regular working switchboard representing a typical central 
office, the calls being originated by instructors. No operator 
is allowed to work at a central office and handle the calls of 
telephone users until she has graduated from the school course 
and met a certain standard of requirement. With this training 
she has a thorough knowledge of how all classes of calls should 
be handled and only needs experience to settle that knowledge 
and acquire speed. This same course of training in modified 
form, is carried on in the smaller central offices where it is not 
economical to maintain a regular operators' school. 

On an average it takes about a year for an operator to attain 
maximum efficiency. In view of the fact that, as in any large 
body of employees, there are constantly resignations and occa¬ 
sionally dismissals for cause, together with the steady growth in 
subscribers and traffic, it is obvious that the problem of maintain¬ 
ing at all times an adequate and suitably trained operat ing force 
is a very important one. Even with the most constant care in 
selection incompetency will develop in a certain percentage of 
the cases either during the school training course, or later, in the 
work in the central offices. On account of the reasons enumer¬ 
ated, it has been found that in order to produce a force of one 
year’s average experience it has been necessary to start and 
partially train, or train and keep in service for a short period 
only, at least three for every one who stayed a year. As it costs 
over $200,000 per year to train central office! operators in the 
territory of the New England Telephone and Telegraph Com¬ 
pany, it is obvious that this is a problem well worthy of careful 
study. 

In order to meet this problem, all conditions of employment and 
work have received most critical analysis. The operating loads 
have been most carefully determined, having in mind the physical 
well-being of the operating force. Working conditions have been 
made as pleasant and comfortable as possible. In addition to u 
liberal lunch hour, a fifteen minute relief period is insisted upon 
in the midst of each half day period. Commodious and taste* 
fully furnished rest rooms are provided, magazines and peri™ 
odicals supplied, and everything possible done to make? the work 
attractive and free from excessive nervous strain. Vacations, 
with pay, are allowed once during each calendar year. To 
further the careful study of working conditions and of the human 
element as it enters into the problem, for over two years the 
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offices is of the dass first mentioned and usually constitutes a 
very substantial portion of the toll business, the traffic to more 

distant points, covered by the second class mentioned, being in 
the minority. 6 


Toll operating methods have been the subject of most critical 
analysis for the past few years, resulting in the standardization 
o several different types of toll operation, each designed to be 
applied under given conditions. 

The subject of operating methods is so fundamental to efficient 
operation in all its phases that it has received and is receiving 
very comprehensive study. Every suggestion must receive most 
careful and critical consideration in order to detect any inherent 
weakness and .to guard against the introduction of a method 
which, while. apparently harmless and even efficient under 
existing conditions, might fail to meet the requirements of a 
constantly increasing traffic. 

. So far as concerns the production efficiency of various opera¬ 
ting methods, the use of the unit system, hereinbefore outlined, 
provided a means of determining the relative efficiency of the dif¬ 
ferent methods. The effect of any change from one method to 
another can be predetermined by the application of the proper 
coefficients to the traffic involved. 


Production Efficiency of Central Office Equipment 
The amount of central office equipment necessary is directly 
dependent upon the number of equated or unit rallc to be 
handled during the average busy hours, or, in other words, upon 
the number of employees for whom it is necessary to provide 
switchboard positions during the average busy hours. With 
service of standard quality, labor production at standard effi¬ 
ciency, and efficient operating methods, by use of the unit 
system applied to the amount of traffic to be handled the 
switchboard requirements can be accurately determined. The 
discussion of operators’ loads and Fig. 1 in the preceding section 
apply also to the determination of amount of switchboard. 

In engineering central office equipment it is customary to 
engineer on a basis of a fifteen to twenty year ultimate capacity 
and to install initial equipment sufficient to cover from two and 
one-half to three years’ growth. As it is necessary to know the 
ultimate requirements for buildings, etc., these are developed 
through special studies or “fundamental plans ” which include 
the consideration'of all factors that have a bearing on the future 
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For proper consideration of the subject'of circuits, distinction 
will be made between trunk and toll circuits. Trunk circuits 
may be considered as local circuits connecting offices covering 
an area of too great telephonic density to be served economically 
from one central office, and in which case local service, so called, 
is sold covering intercommunication between the several central 
offices. Toll circuits will be defined as circuits between offices 
more distant from each other and between which the service 
is sold on a message basis, the charge being graded according to 
duration of connection and distance involved. 

Toll circuits, however, must be considered in two classes, one 
embracing the “ short-haul ” or suburban toll traffic, and the 
other the “ long-haul ” or “ long distance ” traffic. The former 
class may be considered on the same basis .as trunk circuits, so 
far as concerns production efficiency and engineering. 

The trunk circuits and “ short-haul ” toll circuits are provided 
for the purpose of handling calls on a local basis; that is, the 
telephone subscriber passes the desired number to his operator 
and remains at the telephone until the connection is completed 
or a report returned to him of inability to complete. This 
feature of the trunk and “ short-haul ” toll operation necessitates 


providing a sufficient number of circuits between two offices to 
handle the traffic offered during the busiest period so that there 
is always a circuit available when a call is to be handled. 

The “ long-haul ” circuits are for economical reasons provided 
on a less liberal basis which contemplates that the calls will 
not be handled while the subscriber remains at his telephone. 

A comprehensive series of studies on the subject of circuit 
use has resulted in the development of methods by the use of 
which all the elements entering into circuit use can be given proper 
consideration, and the most efficient operating methods applied 

to existing conditions. . . 

In figuring circuit loads, as a matter of convenience, it is 
us ual to consider the load for a given group of circuits, rather 
than for a single circuit. As the circuit holding time is made up 
of the time of conversation plus the use of the line for operating 
purposes, the total holding time for a call will differ according to 
the operating method used; for example, the local or short- 
haul ” toll requires less holding time than that handled on t 
“long-haul” basis. Also the efficiency of the individual cir¬ 
cuits increases as the size of the group increases. These various 
factors have been studied and reduced to known quantitie . 
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Having ascertained the production capacity of circuits under 
various conditions of volume of traffic and methods of operation, 
it is possible to set the proper standards to apply, and with which 
to check actual results, so far as concerns individual groups of 
circuits. The study of this matter, however, has developed the 
fact that in order to properly engineer the circuit plant for hand¬ 
ling the traffic between several hundred offices, the subject is 
far more complex than would appear at first sight. In con¬ 
sidering the circuit efficiency between two offices, as these 
same circuits may carry in addition the traffic to other points, 
the plant must be considered as a whole. The comprehensive 
study which has been referred to, has developed methods by 
which the circuit plant can be intelligently laid out with pre¬ 
determined results. The problem in laying out a circuit plant 
is to furnish the proper standard of service as to accuracy, speed 
and transmission, with a minimum investment in line plant. 
It is obvious when one considers the variety of types and grades 
of trunks and toll circuits that this is no small matter. 

The production efficiency of a trunk and toll circuit plant has 
usually been figured either by computing the number of calls 
handled per circuit or the earnings per circuit mile. Neither of 
these methods, however, gives the true measure of circuit pro¬ 
duction efficiency, inasmuch as for economical reasons it is 
often necessary to switch long-haul calls through one or more 
intermediate offices, and on account of the varying size of the 
circuit groups and the consequent variation in the capacity of 
individual circuits, the real production efficiency of the circuits 
cannot thus readily be determined. On the other hand, com¬ 
parison of the earnings per circuit mile would be very misleading 
if any change in rates had been made between the periods under 
consideration. 

A far more logical means of measuring the production effi¬ 
ciency of a trunk and toll circuit plant is afforded by computing 
the number of message miles produced per circuit mile. By 
computing the former on a basis of air line measurements be¬ 
tween points of connection and the latter on the basis of actual 
circuit route mileage, a means is afforded of checking the effi¬ 
ciency of circuit plant layout, not only from the standpoint of 
the efficiency of labor and methods, but also from the standpoint 
of economical plant layout. 


In the foregoing sections there have been discussed in a some¬ 
what incomplete way some of the principal factors entering into 
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the consideration of traffic .engineering problems. Each of 
these factors has involved most comprehensive study, a discus¬ 
sion of which would involve a paper of considerable length. 
There is a close relation and inter-dependence between them all. 
The quality of service is affected by all the other factors, and 
itself has to be considered in connection with each one. To 
illustrate the complexity of the problems, and to indicate the 
possibilities in constructive application of the principles de¬ 
duced from their comprehensive analysis, it is proposed to discuss 
the concrete application of some of the results of the engineering 
studies of the last few years in the development of a toll operating 


system and plant. 

From the standpoint of the telephone user, the ideal toll ser¬ 
vice would afford connection with the most distant point with 
substantially the same celerity as obtains in case of a local con¬ 
nection. The development of a toll operating system should be 
toward this ideal as far as economically consistent. 

The handlin g of toll business at special toll boards, or at 
separate positions on the local board, developed for two reasons. 
While the operating and equipment charges, under a given toll 
operating method, are fairly constant, the circuit charges in¬ 
crease in weight with the length of haul. In view of the large 
investment involved in long toll circuits, it was deemed necessary 
for economical reasons, to make each circuit handle all the mes¬ 
sages possible, and it was generally customary to handle such 
c alls on the basis of arranging to have both parties ready to 
talk before the circuits were put up for the actual conversation. 
From the nature of operating procedure involved in handling 
traffic on such a basis, it was obviously necessary to remove the 
handling of this type of call, involving extra labor, from the i A 
or subscriber’s operator, as it would, if handled by the latter, 
prevent the smooth, quick answering and handling, of local con¬ 
nections. Further, on account of the extra labor involved, e 
productive efficiency of the operator and switchboard were.very 
substantially reduced. It was therefore necessary to s^mahze 
and segregate this business. Where the local board was of fair 
size or^an^expensive multiple board, it was * *‘£ 

an entirely separate board carrying only the toll^oremts, t 
connection with local subscribers being made through the medium 
of switching circuits between the boards. . . 

For a clear understanding of the explanation to fohow, 
will be well to briefly describe some of the mos gener y 
methods of toll operation. 
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The operating methods employed iri handling the toll traffic 
may be divided into two classes, “ short-haul ” and " long- 
haul In the case of the “ short haul ” method the subscriber, 
who must pass his call by number, waits at his telephone until 
the called station answers, as he would on a local call. In the 
“ long-haul ” method, however, the subscriber, having given his 
call to a recording operator—specifying a particular party if he 
so desires—hangs up his receiver and waits for the toll operator to 
call him. 

Calls of the latter class are further subdivided according to 
the operating method employed, namely, the two-ticket method, 
single ticket ring down method, and single ticket call circuit 
method. 

Under the two-ticket method of toll operating the subscriber 
signals his local operator, asks for and is switched to the toll 
recording operator, to whom he passes information sufficient 
to insure the completion of his call, hangs up his receiver and 
waits to be called. The recording operator having written the 
necessary information on the toll ticket, forwards it to the line 
operator, who secures a toll line to the called office, rings, and 
when the inward operator answers, passes the details of the call, 
which are again recorded by the inward operator. The latter 
operator assumes the responsibility of obtaining the particular 
party, having done this she notifies the outward operator, who 
thereupon rings the calling subscriber. Both operators super¬ 
vise and time the call, entering on the tickets the length of con¬ 
versation and both are responsible for the prompt release of the 
toll circuits after conversation ends. 

The single ticket ring down method of handling a toll call is the 
same as the two-ticket as far as the recording of the call is con¬ 
cerned and up to the time of passing the call by the outward 
operator. The latter does not pass the details of the call, 
but simply the called number to the inward operator, who, with¬ 
out making a second ticket, rings the desired number. The 
outward operator announces the call to the called subscriber, 
and assumes sole responsibility of timing and supervising the 
call, and of releasing the circuits after conversation ends. 

he operation of the single ticket call circuit method is similar 
to the single ticket ring down. It is faster in that the outward 
operator secures the called station over call circuit trunks to a B 
swi chmg operator m the distant office, thereby eliminating the 
emces of an inward toll line operator. 
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The “ short-haul ” methods are subdivided into the li toll 
board ” and the 11 A-B ” method. 

Under the former, the A or local operator receiving from the 
subscriber the number desired, passes the calling and called 
numbers directly to a toll line operator, thus eliminating the 
recording operator as a separate operator. The toll line opera¬ 
tor records the call and after ordering the calling subscriber’s 
line to be held on a trunk to the local switching operator, secures 
the called number as under the single ticket methods of oper¬ 
ating. 

Under the A-B method the toll operator is eliminated, the A 
operator recording the toll ticket and completing the call over 
a trunk to the distant office. She alone is responsible for 



‘'LONG HAUL” METHODS ‘'SHORT HAUL” METHODS 


Fig. 2 — Relative amount of operating labor required to handle 
a toll call by the various operating methods 

supervising and timing the call. This A-B method may*be on 
either a ring down or call circuit basis as may be most economical. 

There are further refinements of these methods, in the way of 
u tandem ” toll operation, etc., which are purposely omitted 
from this discussion, as it is impossible to go too much into de- 
til, and the typical methods shown will serve to illustrate the 
processes described. 

Considering first the efficiency of labor involved in handling 
a toll call, Fig. 2 shows the relative requirements of operating 
labor under each of the above described methods. 

Considering, the production efficiency of central office equip¬ 
ment under the same operating methods, Fig. 3 shows the com¬ 
parison of relative requirements in the way of switchboards and 
accessory equipment for the operation under each method. 
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It will be noted that in case of both the central office labor 
and central office equipment, the “ short-haul ” methods are 
relatively more economical than the “ long-haul ” methods. 
Bearing in mind that the toll circuit efficiency is affected by 
many variables, as. has been explained, chiefly volume of traffic, 
length of haul and circuit holding time, it is necessary to con¬ 
sider this factor in connection with the efficiency of labor and 
equipment. Obviously, to handle traffic on a 41 short haul ” 
basis; requires more circuits than to handle the same traffic 
on the “ long-haul 99 basis. It is necessary, therefore, to ascer¬ 
tain under what conditions it will be economical to apply the 
more efficient operating methods, considering all factors involved. 

The process by which the principles deduced from engineering 



Pig. 3. —Relative amount of switchboard required to handle 
a toll call by the various operating methods 


studies axe applied to a territory involving a large number of 
offices of varying sizes and volumes of traffic, may be best il¬ 
lustrated by taking a hypothetical case, as shown in Fig. 4. 

A and B are fair sized offices 30 miles apart. C, D and E are 
offices separated from B by 5, 8 and 20 miles respectively. 
F is between A and B and slightly off the direct line, being 24 
miles from A and 8 miles from B. The traffic between these 
offices is indicated in the table adjoining Plan 1. This traffic 
is shown in number of calls per day rather than per busy hour, 
for the sake of clearness. In the actual engineering, the busy 
hour loads are used. 

It will be noted in Plan 1, Fig. 4, that the circuits are laid out 
in a way generally typical in past practice, the tendency being 
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to furnish direct circuits between points having a fair volume of 
daily traffic. Under this Plan 1, there are toll positions or toll 
boards at each of the offices. It will be noted that there are 
14 ’circuits between A and B divided into several groups, also 
that there is a fair amount of traffic between B and C and B and 
D, with slightly less between B and D. 

Under Plan 2, the traffic between B and C, B and D and B 
and F , has been taken from the toll position or toll board and is 
handled on the local boards on the “ short-haul ” A-B basis. 
C y D, E and F continue to handle their toll traffic with A on 

RELATIVE % 



Fig. 4 


toll positions and over direct circuits. At the right of Fig. 4 
are shown the comparative requirements under the two plans. 
It will be noted that, in order to handle the traffic between B 
and C, B and D and B and F on a local basis through the local 
board, additional circuits had to be provided to place this traffic 
on a 41 short-haul ” basis. This increased the circuit require¬ 
ments, but made a material reduction in the operating require¬ 
ments as shown, while the equipment requirements increased 
slightly owing to the transfer of the toll business to the more 
expensive local board. The composite result, however, is a 
substantial gain in economy. 
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Having placed the traffic between B and C, B and B and 
D and B and F on a short-haul ” operating basis, the way is 
open for still further modification. Plan 3, Fig. 4, shows the 
next step, which is the centering of all toll operation for B, ( \ I), 
E and F on the toll board at B. Placing the traffic between 
these tributary offices and B on a “ short-haul ” basis will 
permit of recording at B all toll calls from these points to A, 
practically without loss in time. The operators on the foil 
board at B can order up connections through toll switching opera¬ 
tors at the tributary offices with the same efficiency ami speed 
as with subscribers at B. 


This plan, which has been termed “toll center operation ", 
has several advantages. Applying the principles outlined in the 
section on the production efficiency of trunk and toll c ircuits, 
by combining into one group all toll circuits between A and B, 
each circuit can handle more calls than was the case where they 


were split into smaller groups as in Plan 1, The offices tributary 
to B receive practically local service with B and among them¬ 
selves. They receive the benefits of the large team of toll opera¬ 
tors at B, and the net result is a great improvement in the 
quality of service and greater economy in operating and in the 
use of equipment and circuits, as indicated in comparison No, 3 
of “Relative Requirements”. It will be noted that the cir¬ 
cuits between A and B have been reduced from 14 to K, while the 
total circuit mileages involved under Plans 1, 2 and 3 are 551, 
620 and 436 miles respectively. 

This hypothetical case illustrates the application of the engi¬ 
neering principles which have been outlined in .the discussion of 
the various factors entering into efficient production. As indi¬ 
cating how substantial may be the results of the application 
of these principles to a large territory, it. will be of interest, to 
state that in the territory of the Now England Telephone and 
telegraph Company are over 730 central offices, nearly every one 
of which formerly had its own separate toll position or toll 
board although in the smallest offices the toll operation was 
handled in combination with the local. The application of the 
above principles has been carried to the extent that to-day the 
ton traffic between these 730 offices is handled at 79 toll centers 
The general effect on service has been to place all short-haul 
traffic on an approximately forty second or better basis; to eon 
centrate the longer haul high grade circuits in large group, 
between centers; to concentrate the long-haul toll operation at 
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these centres, with the increased economy and efficiency of a 
larger and more highly developed toll force; to remove from the 
small offices the burden of labor entailed in handling toll calls, 
this resulting in a smoother local service; and, through making 
available large groups of trunks on main routes, affording a 
more speedy, dependable long-haul toll service to all offices. . 
Thus by the use of the comparative values established through 
development of the unit system of equating traffic and the es¬ 
tablishment of standards of production efficiency for force, equip¬ 
ment and circuits, it has been possible tQ improve the quality of 
service, conserve the investment and reduce operating expenses. 

Undoubtedly the most striking development in the analysis 
of the toll problem is that which has pointed out the way for 
the evolution and systematic development of the il short-haul ” 
system of handling toll calls. 

Reference has been made to the fact that from the viewpoint 
of the telephone user the ideal toll service would be that which 
afforded the same speed of connection to a distant point as that 
given in making a local connection. Having this ideal in mind, 
studies were made to determine to what extent this type of ser¬ 
vice could be developed economically. It was demonstrated that 
laws could be derived from these analyses whereby it could be 
predetermined, with a given volume of traffic and given average 
holding time per call, up to what point a suitable number and 
grade of circuits could be provided and furnish this type of service 
economically. 

It was found essential, in order to furnish this “ short-haul ” 
toll service, that the calling subscriber should pass his call for the 
distant point by number and not for a designated party. This 
brought out two important factors as requisite to furnishing the 
means and the incentive to the subscriber for so placing his calls: 
first, the matter of the telephone directory, that the .subscriber 
might ascertain the number desired in the distant place; second, 
whether the subscriber could fairly be asked to-place his call by 
number and pay for the connection if the distant station were 
reached, whether his party were there or not. 

Investigation of the first factor showed that, as the toll calls, 
originated from a comparatively small proportion of the . sub¬ 
scribers, where the amount of business warranted, directories for 
such other places as would meet the needs could be furnished 
without great expense, or special lists could be made up for 
subscribers doing considerable business with the distant points. 
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In case of the second factor, analysis of several thousand 
toll calls to points at varying distances from the originating office 
showed that in 89 per cent of the calls where the station was 
reached, the desired person either answered the telephone or 
was on the premises and available to talk, and that in 6 per cent 
more there was some one at the station with whom the business 
could be transacted. It was thus demonstrated that in 95 per 
cent of the calls, business could be successfully transacted. It 
further developed that there was less demand and necessity for 
locating a particular person on the short-haul calls than on the 
long haul calls, -which is logical in that the more expensive 
long haul toll calls are not usually made unless the matter is of 
more importance than is the case in the ordinary short haul toil 
calls. 

Based on these results, a plan was developed by which the 

short-haul ” traffic would be handled on an exclusively “ two 
number-no delay ” basis; while for greater distances, the par¬ 
ticular person “ long-haul ” methods would be employed. 

This plan has been gradually developed with the result that 
while in the year 1906 but 17 per cent of the toll traffic of the New 
England Company was handled on the “ short-haul ” basis, in 
1910 over 50 per cent was handled on that basis, while the plans 
under development and already partially in effect for 1911, con¬ 
template that by the end of the year at least 85 per cent of the 
toll traffic of the Company will be so handled. The results so 
far indicate that the telephone users greatly prefer this type of 
fast service to the slower “ particular person ” service and do not 
find it a serious disadvantage to forego the “ particular person ” 
privilege. 

It is probable that the New England territory, with its great 
density of towns and cities, offers ideal conditions for the de¬ 
velopment of this type of service, but it seems reasonable to 
expect that the telephone using public generally will eventually 
express preference for toll service of this character. 

As the volume of traffic increases with the growth in the busi¬ 
ness, it will be possible to offer such service on an economical 
basis to a far greater extent than would seem possible without a 
full knowledge of the facts. 

It is possible to obtain a view of some of the future possibili¬ 
ties in the development of “ short-haul ” toll service by exam- 
ing the chart in Fig. 5. 

The curve shown in Fig. 5 is one of a set of curves made up to 
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cover various conditions. The basic assumptions for this curve 
are, the use of No. 12 copper line circuit, common battery type 
of central office equipment, with standard operating, equip¬ 
ment and line production efficiency, and an eight hour telephone 
day: i.e., one-eighth of the day’s traffic is handled during the 
busiest hour. 

The comparisons are between the generally used single ticket 
particular party 11 long-haul ” method, and the short-haul 
A-B ring-down method. From this chart may be determined, 
assuming a given number of messages per day, up to what dis¬ 
tance it will be possible to furnish enough circuits to permit of 
operating on the “ short-haul ” A-B ring-down basis more 



Fig. 5 

economically than on the 11 long-haul ” particular party single 
ticket basis. This takes into account all the factors involved 

that are necessary to a fair comparison. 

It would seem obvious that once there is an appreciation 
of the latent possibilities developed by this analysis, there will 
be steady progress toward the development of this highly de¬ 
sirable type of service, which can be supplied economically in 
case of a substantial majority of the toll calls in a territory where 
there are a number of closely related communities within rea- 
. sonable distance of each other. 


The foregoing discussion has simply covered in a broad way a 
few of the important problems which have been the subject of 
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traffic engineering study for the past few years. The general 
problem of telephone service is so broad, and its full considera¬ 
tion involves so many and such a diversity of factors, that it is 
difficult, within the limits of a paper of this nature, to discuss 
comprehensively any one of its phases. 

It should be apparent that the problems in connection with 
the production of telephone service are of sufficient importance 
to call for most careful analysis. The fact that the gross annual 
revenue of a telephone company is but a fraction of its capital 
investment, wherein it differs from most lines of commercial 
endeavor, makes such analysis a necessity. Solution of the 
problems of handling the traffic is fundamental to the construc¬ 
tion engineering and equally so to intelligent consideration of 
matters affecting the economic and public policies of a telephone 
company. The determination of values in a problem affected 
by so many variables, and the development of simple methods 
of making use of them, have offered and still offer endless op ¬ 
portunities for a high grade of engineering. 

The results of the studies so far made have demonstrated 
that it is not necessary to rely solely on opinion or judgment 
from a certain point of view; that by analytical process many 
factors of apparently intangible values may be reduced to known 
quantities; that relations between them can be definitely and 
accurately established; and that from, these relations certain 
laws can be derived which are capable of general application in 
the solution of telephone traffic problems. 
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Discussion on “ Problems in Telephone Traffic Engi¬ 
neering.” Chicago, June 28, 1911. 

A. P. Allen: The “ problems of telephone traffic engineering ” 
used to be to guess what was going to happen —and we are only 
just a little bit better off today. As I listened to some of the 
other papers, I wanted to congratulate the light, power, and 
construction engineers because they could fix at least something 
and depend on it. This paper is, however, comforting to a man 
in my position, because it gives the idea that even in telephone 
traffic engineering things are coming around so that you can 
depend on them; so that you can say that an average operator’s 
load ought to be so much, and expect to get it; you can say that 
the public will give you more calls between nine and ten in the 
morning than they will between three and four in the afternoon, 
and have it come true. 

But in practice almost everything that the traffic engmeer 
touches goes back on him sooner or later. He gets figures that 
show that the normal load in a city residence district is heaviest 
in the morning, and some day he gets the larger load in the middle 
of the afternoon—larger than he ever had in the morning. That 
is something that we cannot control. It is the same way with 
the handling of the toll- traffic. The business between two towns 
will be, perhaps, only 15 per cent taking place in the busy hour, 
while the business between other towns that have apparently 
the same conditions will be 25 per cent in the busy hour. It is 
very hard to establish standards, or formulae, that you cap de¬ 
pend upon on all occasions, when the conditions simply look 

A few papers out of my files illustrate that point. For in¬ 
stance, in Chicago, the long distance business—making a senes 
of tests every day for one week: on Tuesday the busy hour, m 
the afternoon, was 103 per cent of the busy hour in the morning. 
(Of course we have to plan our operators for the busy hours.) 
The very next day the afternoon busy hour was only 64 per 
cent as heavy as it was in the morning. In the same way with 
long distance traffic of New York City, comparing different 
months. Taking April as 100 per cent; one year, the August 
business is 91 per cent while the next year it is only 85 per cent, 
but in both years December is 110 per cent of the April business. 

All such figures demonstrate that the use of the service by the 
public is very uncertain. We get up formulas and say that l 
the average holding time is two minutes and fourteen seconds, a 
group of ten trunks will carry so many calls. As a matter of 
fact our average is not a reliable average, because the varia¬ 
tion between the Shortest and the longest connection's very great. 

. The formula holds-true if they are all nearly- alike, as to the 
average time; but as they are plotted out, they run from fi e 
second calls up to about ten minutes Can we, under such con¬ 
ditions, accurately foretell how many trunks we will need to give 
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instantaneous service to a given number of patrons? That is 
what we have to contend with in city traffic, we have to give in¬ 
stantaneous connection, we cannot wait for circuits. . Between 
two offices a certain number of calls will require a certain number 
of trunks; between two other offices the same apparent load may 
take nearly twice as many. 


PER CENT OF POSSIBLE LOAD ACTUALLY HANDLED 



The charts shown in Figs, land 2 are original, perhaps—at least 
I have never seen anything just like them. They show the 
u guessing ” we have to do on the ability of the average operator. 
Each line represents roughly, a group of operators, graded as to 
what they can do in fifteen minutes, and also showing what 



Fig. 2 

they did do in the total hour. A total of 1250 operators were 
thus analyzed, their ability being represented by what they did 
in fifteen minutes. It is reasonable to suppose that they could 
do four times as much in an hour if they had it to do; and that 
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the fluctuation in their hourly load is due to the fact that the 
total loads vary so much during an hour. Due to that fact, th 
per cent of efficiency that all grades give is almost exactly the 
same. Girls that handle 55 calls per quarter hour reach 82 per 
cent efficiency for the total hour. Girls that can handle 5p p 
S ££»fa 15 minutes have only the same relauve effioency 

for the total hour. . , - rio-ht 

I certainly hope that Mr. Valentines paper gives the right 
idea that in the end we will be able, by analysis and careful 
tabulation and watching of results to get f 

data on which to base fundamental plans; but it does no PP 
to me that we have yet reached that condition And a |eat 
many of the problems that we have to contend with are whh 

our control at all—that is, they depend entirely upon the use o 

‘‘wfZSSSblfe* manufacturing, mining, bricklaying 



idea If m-e-ing ‘he^fliriencyof 
th! individual operator. To one who hasbeenf amdiarwrth this, 
the question naturally occurs what can be d ° n ® ^° n f 0 ^d ffi- 
nr what has been done in manual telephone work^ toward m 

creasing the efficiency of the operators? . 1 u SU ^ch wo?™she 
difficulty is in supplying each operator 

can do As Mr. Allen has just brought out, in one moment 
the operator may have all she can do; the next 
not have as much as she can do. The result is that ^standards 
were set the operators could not be compelled to c P 

S by toe! nor could they be coated to come up to them 
by increased remuneration. Consequently, it v : “]Idappea' 
tome that if some device should be introduced between the sub¬ 
scriber’s lines and the operator, which wotdd furnish .Jgm* 
work at the greatest speed she could take it, as deten 
seientificallv that the operators could be brought to a ve y 
mSSer standard of efficiency. The work could be dis- 
^huted starting at one end of the board, to the operators as 
: Si“ the other end of the board a certain per 
c!nt of Orators could be kept for emergences. I am not a 
manual telephone engineer, but I should hke to ask of some f 
these gentlemen who are, if there are not possibilities in sucn 

SC Bantroft Gherardi: I feel that we are all very much indebted 
to Mr. Campbell for raising the question which he has and for 
pointing out to us such an interesting problem concernmg traffic 
engineering. It is a most valuable illustration of the type of 
problem which traffic engineers are sometimes confronted with 
because it requires not solely the work of traffic engin , 
also the work of plant engineers and requires the cooperation o 

these two sets of engineers to obtain ^^gPTf^ting Jys- 
traffic engineer can point out what kind of call distributing y 
Sm he 3d like to have from an operating standpomt, and the 
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results which he would expect such a system to attain. Based 
upon this, the plant engineer would undertake the design of 
suitable apparatus, and would, in general, sooner or later be 
confronted by some traffic requirements which could not practi¬ 
cally be met or which could only be attained at such great cost 
or such excessive complications as would not be warranted. 
So the working out of this problem and similar problems requires 
cooperation between the traffic engineer and the plant engineer 
in order that from the general idea at first proposed there may be 
finally evolved the best arrangement, taking into account ail of 
the circumstances of the cast—operating savings, maintenance, 
character of service, first cost of apparatus, etc. White a dis¬ 
cussion of the specific problem which Mr. Campbell has men ¬ 
tioned would carry us somewhat beyond the scope of this paper, 
I might say in reference to the matter that while a good deal of 
work has been done on this question by a large number of people 
and extending over many years, so far as I know no large appli¬ 
cation of the principle of call distribution has ever been made 
anywhere. I do not feel that we are now warranted in saying 
that we can ignore this problem and say there is nothing in it. 
It is my opinion at the present time that it is a problem which 
has not as yet been worked out and that there are certainly no 
data available at the present time to permit us to give an affirma¬ 
tive answer to the question “ Is call distribution a satisfactory 
and economical feature of a telephone switchboard?” 

Mr. Valentine has, I think, placed us all under obligations 
to him in presenting to us his paper dealing with traffic engi ¬ 
neering problems. While traffic engineering does not deal with 
volts and amperes, and in that sense is not electrical engineering, 
it is nevertheless a most important and interesting class of 
engineering work, the nature of which is but little appreciated 
at the present time except by those who come in direct contact 
with it in their work. 

A. P. Allen: What I wanted to make clear was that, regard¬ 
less of any system of distributing, no one can tell in advance 
what the load is going to be—that is, how many ('alls the public 
is going to give to us—at any particular period of the day; and 
even if we had a perfect distributing system for those calls, we 
would not know whether to put on one set of operators, or more, 
m order to give a certain grade of service. 

W. Lee Campbell; It is found in manufacturing practice m 
shown by the studies of Mr. Harrington Emerson, Mr. F. W. 

if others, that the efficiency of the average* operator 
paid by the day, is only about 87 per cent of what is attained it 
an operator is paid in proportion to his or her efficiency. It is 
impossible to bring an operator up to the highest efficiency unless 
she is supplied with all the work .she can do. The work must hi* 
m some way gauged and the operator must have before her 
definite standards to which she will be expected to rise. As 
Mr. Allen says, in the use of switchboard operators, the trouble 
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is that the public does not furnish a regular amount of work but 
if some of the automatic or mechanical devices should be used 
between the public and the operators to distribute the calls to 
each at her best rate of speed and the efficiency of the operators 
could thus be brought from 67 per cent up to 100 per cent, a great 
saving would be secured. A certain percentage of operators 
could be held to take care of the irregularities. With the 
present plan, each operator is given a fixed number of lines to 
han dle, and consequently all of them are subject to irregularities 
of load with the result that each has an excuse for not doing her 


best. 

F. P. Valentine : While this discussion has brought out one or 
two typical problems which the traffic engineer has to face, it 
also indicates that there is not a general understanding of how 
far these studies have been carried. It is perhaps not generally 
known that for some years telephone traffic problems have been 
receiving constant study as the result of which many of the 
apparently intangible factors have been reduced to known 
quantities and their inter-relation established, so that due weight 
may be given to variations. The analytical work of the past 
few' years has been merely outlined in brief form in this paper to 
point out that the work can be carried on intelligently having 

accurate knowledge of values and their relations 

We cannot today consider all the problems solved, but by the 
methods pointed out and with the facts and laws already estat - 
lished as a foundation the way seems fairly clear to the ultimate 
solution of the various elusive problems which constantly con¬ 
front the traffic engineer. Traffic engineering m itself is a com¬ 
paratively young branch of engineering work, m which de¬ 
velopments have come very fast within the last few years and m 
regard to which there is comparatively little knowledge or 
appreciation outside of the comparatively few who have been 
fortunate enough to participate m the comprehensive studies 
which have been carried on. It is safe to say that the develop- 
ments of the next few years will bring about a better realization 
3 35 fundamental importance of the study of thjy problems 
as well as a better appreciation of the progress already made. 
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ELECTRIC LINE OSCILLATIONS 


BY G. FACCIOLI 

In the summer of 1910 some tests were performed on the lines 
of the Great Western Power Company, which are operated at 
100 000 volts, to obtain information on oscillations and n _ 
of potential, due to switching operations. In these.experi¬ 
ments the oscillograph was extensively used and this_ paper 

with some of the most im 
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distance between conductors is ten feet, and the horizontal dis¬ 
tance between lines is 14 ft. 

The following tests were performed: 

1. Switching in and out an open three-phase line at the 
generating station by high-tension switches. 

2. Switching in and out an open three-phase line and step-up 
three-phase transformer at the generating station by low-tension 
switches. 


Fig. 2. —'Transmission lino of Great Western Pr, Co, at Brighton 


3. Switching in and out a three-phase line, connected at the 
end to an unloaded three-phase step-down transformer, by high- 
tension switches, at the generating station. 

4. Switching in and out a three-phase step-down transformer 
at the end of an unloaded three-phase line by high-tension 
switches. 

5. Switching, by high-tension switches, one of the three- 
phase lines unloaded, on and off the end of the other three-phase 

line, carrying normal load. 
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Before entering into the discussion of the oscillographic records, 
it is advisable .to study the constants of the line which, as we said 
before, consist of three No. 000 B. & S. copper cables situated 
in a vertical plane. The distance between conductors is 10 ft. 
and the length of the line is 154 miles. 

Line Inductance . The total inductance of each conductor is 
0.323 henry. 

Line Capacity. The total capacity of each conductor to the 
neutral is figured as 2.2 microfarads. It is interesting to com¬ 
pare this figure, obtained by calculation, with the figure derived 
from actual test. 

From a series of experiments, which it is superfluous to enum¬ 
erate, we find that when the voltage at the generator end of the 
line is 51,700 volts from conductor to neutral, the voltage at the 
far end of the open line is 64,000 volts from conductor to neutral. 
In this case, the charging current per phase is 48 amperes. 

Assuming the capacity of the line concentrated in two identical 
condensers, one at the beginning of the line, and the other at the 
end of the line, we have 

48 =2 Tcfc (51,700+64,000) 


where / is the frequency, 60 cycles. 

c is the capacity of each of the two condensers into which 
the line capacity was divided. 

. We find c— 1.1 microfarads. 

This gives for the total line capacity from each conductor to 
neutral the value of 2.2 microfarads, which is identical with the 

value obtained by calculation. 

Line Resistance. The ohmic resistance of each conductor is 

50 ohms. 

Generator Reactance. In all the experiments, the source of 
power is a 10,000 kv-a. three-phase generator. The windings of 
the generator are F-connected, and the neutral is not groun e . 
The speed of the alternator is 400 rev. per mm., its norma 
voltage is 11,000 volts. The machine has 18 poles and three 
slots per pole per phase. 

In later calculations, we will frequently have occasion to use 
the value of the synchronous reactance, and of the lea age 

reactance of the generator. , , , 

The value of the synchronous reactance may be deduced y 

test, as follows: 
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Referring to Fig. 3, when the line is disconnected (high-tension 
switches open) the voltage of the generator is 4 ,Flit voh : lu*t n 
phase conductors. 

When the line is connected (high-tension switches Hosed) 
the voltage of the generator for the same exciting current j 8 
8,730 volts, and the current supplied by the generator is UK) 
amperes. 

Neglecting the ohmic resistance and the exciting current of 

the step-up transformer, we have 


where L g is the synchronous inductance 
frequency, 60 cycles. 
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Electrostatic Capacity of the Apparatus. The capacity of the 
generator windings and of the transformer windings plays an 
important role in some of the oscillations, as we will see later. 
However, no attempt is made to determine the value of these 
capacities. 

The theory of the phenomena involved in this investigation is 
well understood, and will, therefore, lie omitted with the excep¬ 
tion of a few instances. All the calculations and theoretical 
considerations in this paper had their origin or inspiration from 
Dr. Steinmetz's treatise on “ Transient Electric Phenomena 
and Oscillations.” 

TEST No. l 

Pig. 3 shows the arrangement of the apparatus. The po¬ 
tential was recorded across one phase of the low-tension side 
of the step-up transformer. 

The current was taken either across the secondary of the cur¬ 
rent transformer connected in the low-tension circuit, or across 



Fus. 4 


the secondary of the current transformer connected in the high- 
tension circuit. All the switches in this and the following tests 
were of the oil type. 

The low-tension switches were closed, and the generator and 
step-up transformer excited at a certain voltage. Then the 
154 miles of three-phase line were switched in or out by means 
of the high-tension switches and the waves of e.m.f. and current 
were recorded at the moment of closing or opening the high 
tension switches. 

The line under test was open at the far end. 

Pig. 4 represents a simplified diagram of the connections. 

L* is the reactance of the generator. 

Lt is the leakage reactance of the step-up transformer. 

is the reactance of the line. 
c is one-half of the line capacity. 

We neglect ohmic resistances ami assume the susceptance of 
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the step-up transformer equal to infinity. We neglect also Uie 
electrostatic capacity of the apparatus. 

If, for a first approximation, we consider L, as negligible, Un¬ 
closing and opening of the high-tension switches connects and 
disconnects the condenser given by the line capacity on and from 
the inductance of the generating system. 

It is known that in a circuit consisting of a condenser in 
series with an inductance, the general expression of the e.m.f. 
across the condenser and of the current contains three terms. 
The e.m.f. across the condenser is 


And the current is 


£ —Cl+Cj + tfj 


U ande, are the values corresponding to stationary conditions 
of charging current and condenser potential at fundamental itn- 

pressed frequency. The current leads the e.m.f. by 5M( deg. and 
the effective value of the current is equal to the effective value of 
the e.m.f. divided by the line candensiv© reactance 

^present * damped oscillation at a frequency hide- 

s^ntroVt?" 61 ^ ? 6qUenCy but depending on the eon- 

stants of the circuit, as follows; 


Frequency = ~~ ^ 


r fad “ ,ance of thc dr “ it ' c •'» 

which this term is ahw - , T hcrt ' 18 n ° at 

when the oscillation start! at '£ 

e.m.f. e maximum of the Impressed 

^•^^^i^ot‘lunlT^d°it h l n rCUlt "' H “' lh ° 

» the circuit at the moment the ^ 

. In ^ Hioh-tknsion Switchks 

« the moment the switeta'^' CoseS""" ” ^ Hn “ " r " »« 
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The complex oscillation produced by closing the high-tension 
switches, thereby connecting suddenly the line condenser to the 
inductance of the generating system, will then consist in our 
case of a fundamental wave at 60 cycles on which is superim¬ 
posed a damped oscillation whose frequency is—neglecting ohmic 


resistance — / «■ 


l 

2t r VL C ' 


Referring to Figs. 3 and 4, L^L^+Lt (line inductance 
neglected). 

C ■= total line capacity. 

For L g we must take the value of the true self-inductance of 
the armature of the generator, and not the value of the syn¬ 
chronous inductance, as the latter includes the effect of armature 
reaction which must act on the field circuit where any change in 
flux is retarded by a change in field current. 

If, however, the oscillation lasts a comparatively long time, 
then the armature reaction may enter in the phenomenon. 

L => 0.253+0.088 = 0.341 henry. 

C—2.2 microfarads. 

Frequency of oscillation = 139 cycles. 

If Li is not neglected and the circuit is treated as represented 
in Fig. 4, the frequency of oscillation is 167 cycles. Finally, 
by taking the total synchronous inductance of tin- generator in 
the circuit represented in Fig. 4, the frequency of oscillation 
is 83 cycles. 

In these calculations we have neglected t he ohmic resistances, 
which are actually very low, so that they not only allow the oc¬ 
currence of a free oscillation (/*' less than 4 L/C) but do not 
practically affect the value of the frequency of oscillation. 

This frequency is then comparatively low. and is lietwcen 
83 and 167 cycles. 

In Fig. f>, a 60-eyck* wave is superimposed oil a 120-cycle 
damped oscillation, and the resultant wave is almost identical 
to those obtained in the oscillograms, showing that the fre¬ 
quency of free oscillation found by test is of the same order of 
magnitude as calculated and approximately equal to 120 cycles. 

However, the oscillograms show that closing the high-tension 
switches (Fig. 3) produces a more complicated phenomenon 
than theoretically assumed, as the switches do not close the cir¬ 
cuit at once and permanently. Several secondary phenomena 
occur, as follows; 
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First: The three switches may not close the circuit at the same 
instant. 

If one switch only closes its circuit, then one wire only of the 
three phase line is energized, and the potential of the system 
to ground is unbalanced (the system has no point permanently 
grounded). A charging current from this 'wire returns to the 
generator through the line capacity in series with the capacity 
to ground of the generating apparatus (transformer included )\ 
giving rise to a high frequency oscillation. 

If two switches close and the third remains open, single-phase 
unbalanced load is thrown on the generator, giving rise to odd 
harmonics of the generated e.m.f. (third, fifth, etc.,) as shown 
clearly in some of the records. 



Since the first closing of a high-tension switch is generally 
due to an arc before the metallic contact is established, it Is 
natural to expect that the three switches of a three-phase system 
will not begin to close the circuit at the same instant. 

Second: Arcs strike between contacts and die out before 
the metallic circuit is permanently established. It follows that 
instead of one starting oscillation, we obtain a scries of oscilla- 
tions, due to the successive closing and opening of the circuit. 

We should then expect to find in the. records a number of suc¬ 
cessive oscillations, which consist of a fundamental 60-cycle 
wave superimposed on a damped oscillation of 120 cycles, when 
a e t ree phases of the line are being connected to the gen¬ 
erating system. Other frequencies will appear when the three 
pnases are not connected simultaneously, and at the instant 
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when the line and the generating system become disconnected, 
the line on one side and the generating system on the other 
side will oscillate at their own natural frequency. Since the 
oscillograms of the electromotive force are taken on the low- 
tension side of the generating system, our records do not show 
the free oscillations of the line, and, likewise, do not show some 
of the oscillations which occur at high-frequency between the 
high-tension side of the transformer and the line and which do 
not go through the iron of the apparatus. 

Record No. 1. Referring to Fig. 3, this record is taken at the 
moment of switching 154 miles of unloaded three-phase line 
onto the high tension winding of the step-up transformer by 
closing the high-tension switches. 

Before the switches are closed the wave of e.m.f. gives the gen¬ 
erator e.m.f. (4,500 volts, 60 cycles), which shows the harmonic 
due to the teeth of the machine, while the current—taken in the 
high-tension circuit—is obviously zero. 

After a high frequency impulse in the e.m.f. and current, due 
probably to an arc in one of the switches, the circuit is closed 
and the oscillation has the appearance of the resultant wave of 
Fig. 5 (120 cycles superimposed on 60 cycles). 

The current has two long zeros before the metallic contact is 
permanently established, due to arcs in the switch, and finally 
the last oscillation occurs, which is damped in less than three 
fundamental cycles. 

The new'conditions of equilibrium are now reached, and the 
record shows an e.m.f. of 9,300 volts and a charging current of 

48 amperes. 

It must be remembered that the e.m.f. is taken across two 
conductors of the low-tension circuit, while the current is taken 
in one conductor of the high-tension circuit. Therefore, if the 
current leads the corresponding e.m.f. by 90 deg., the record 
should show the high-tension current leading the e.m.f. by 60 deg. 
or lagging 120 deg. behind the e.m.f. In many of the records 
either the current or the e.m.f. should be reversed to obtain the 
proper phase relation. 

After the complex oscillation has occurred, the e.m.f. is smooth 
and does not contain the harmonic due to the teeth of the alter¬ 
nator, because of the very high impedance offered by the gen¬ 
erator reactance to the flow of this harmonic (17th harmonic), 
which lags, the inductive reactance of the generator being several 
times the condensive reactance of the line at that frequency. 



Record No. 1 
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It is interesting to note that the first oscillation (litters from 
the last in tin* wave of e.m.f. The first oscillation of e.m.f. 
shows si higher degree of distortion and contains odd harmonics 
(3rd and 5th) in addition to the natural frequency at which 
energy is exchanged between inductance and capacity. As 
pointed out above, this is due to the fact that all the three switches 
were closed at the last oscillation, while, very probably, all the 
three switches were not closed when the first oscillation started. 
Furthermore, while the first oscillation began with stem volts 
across the condenser, the successive oscillations started under 
different conditions. In fact, when the current is zero and the 
circuit is opened by the dying out of an arc in the switch, the 
e.m.f. across the condenser is near its maximum value and the 
energy thus stored in the line is dissipated at the natural fre¬ 
quency of the line, but this oscillation may not have died out 
entirely before? the circuit is reestablished. This introduces a 
third term in the expression of the e.m.f. and current, as men¬ 
tioned above. 

The record shows also high frequency 
impulses in the e.m.f,, due mainly to 
a change of energy from leading to 
lagging or vice versa. For instance, 
high frequency appears in the e.m.f, 
whenever the current goes to zero and the 
arc in the switch dies out. This occurs 
especially when the current maintains a low value for a com¬ 
paratively long time due to the interference between the 80- 
cycle and the 120-cycle waves. 

Referring to Fig. 8, let us assume that the line is discon¬ 
nected when the charging current, which is leading, is passing 
through zero. 

At this instant the impressed e.m.f. E is maximum. On E 
is superimposed the e.m.f. <?, which is generated by the flow of 
the charging current i through the reactance of the generating 
system, so that E+e is active across the condenser. At the next 
instant the high tension current remains zero, because the arc 
in the high tension switch has died out, but the generator must 
excite the transformer, which is still connected. Hence, lagging 
energy is supplied, and a current j flows. The current j produces 
an e.m.f, e' across the reactance of the generating system. 

It follows that a (Hidden change of difference of potential 
has* occurred with the corresponding change of energy stored in 
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the capacity of the generating system. The new equilibrium 
is reached through an oscillation at the natural frequency of the 
apparatus. 

This high-frequency appears in the c.mi. of the low-tension 
circuit and obviously not in the high-tension current, but we 
must expect to find it in the low-tension current, as we will see 
later. 

The switching-in is then complicated by arcs and by the 
irregular closing of the three switches. 

The record shows only the phenomena occurring in one par¬ 
ticular conductor and phase, and does not show—as stated be¬ 
fore—the free oscillations of the line. This line—154 miles 
long—oscillates at a frequency of 300 cycles when the length of 
the line corresponds to a quarter wave length. 

The records also do not show, or show incompletely, what 
happens at the very first establishing of the circuit, as only the 
oscillations passing through the iron of the step-up transformer 
and of the measuring transformer are recorded. At the very 
first establishing of the circuit, the energy stored in the high- 
tension winding of- the step-up transformer is thrown into the 
line, and a direct record of the high-tension c.mi. would show 
this phenomenon and the process by which the potential is 
established on the line. 

Finally, the records do not .show what happens at the open end 
of the line, where the wave of e.m.f. undergoes a total deflection. 

Record 1 gives as maximum over-tension 60 per cent above 
final maximum voltage. The current reaches a maximum of 
160 per cent above final maximum value. The total complex 
oscillation lasts for a length of 10 fundamental cycles, or one- 
sixth of a second. 

Record No. 2. This record is taken under the same conditions 
as the preceding record, but it gives the current in the low- 
tension circuit instead of the current in the high-tension circuit. 

We start again with an e.m.f. of 4,500 Volts and the exciting 
current of the transformer, which is so small that it does not 
show in the record. Then an oscillation similar to the one of 
Record 1 occurs, and finally we have 9,300 volts and 450 amperes. 

Alt the remarks concerning the preceding record apply to this 
record, and the low-tension current shows, as expected, high 
frequency impulses when the arcs in the high-tension switches 
die out. 

The maximum over-tension is 55 per cent above the final 






H.T. CURRENT 














1816 


FA C CIO LI: LINE OSCILLATIONS 


[June 29 


" maximum value, while the current reaches a maximum of 175 per 
cent above the final maximum value. 

The complex oscillation lasts nine fundamental cycles, or 
three-twentieths of a second. 

B. Switching out Open Line by High-tension Switches 

Fig. 3 shows the connections used, and the records are taken 
at the moment of opening the high-tension switches, thereby 
disconnecting the line from the high-tension winding of the 
step-up transformer. 

If the switching is instantaneous, then the sudden falling of the 
current I to zero gives an increase of potential E, such that 

C E 2 L I 2 

— 2 ~ = where C is the capacity and L the inductance of the 

line. In other words, the electromagnetic energy stored in 
the system is transformed into electrostatic energy, and will 
be gradually dissipated. 

Let us consider now the other limit case where the switch 
opens the circuit very gradually through a continuous arc, 
which increases slowly in length and resistance, so that the 
successive adjustments in value and phase of current and e.m.f. 
follow the progressive change in the conditions of the circuit. 
In this case, the disturbance is reduced to a minimum, but it is 
evident that the gradual modification of the circuit and of its 
constants occurs in the switch, where the most active consump¬ 
tion of the energy stored in the system takes place. It follows 
that, generally speaking, the opening of the circuit imposes 
severe conditions on the switch. 

Between these two limit cases, approaching one or the other, 
according to the constants of the circuit and the characteristics 
of the switch, lies the actual opening of the circuit in practiceJ 

The phenomenon is complicated, however, by the fact that the 
arc in the switch is apt to rupture and reestablish itself several 
times before the circuit is permanently opened. * 

From this point of view we see that the phenomena and os¬ 
cillations which accompany the opening of the circuit are very 
similar to those met with in closing the circuit. Two main 
differences exist, however. First, in opening the circuit the 
movable contact of the switch travels away from the other con¬ 
tact, while in closing the circuit, the movable contact travels 
toward the other contact. 

In the latter case, then, the first arcs which strike are long, 
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and there may be long intervals between arcs, while there is 
little or no probability of rupturing small arcs near the end of the 
stroke. In the former case short arcs may die out at the zero 
points of the wave of current, but will be at once reestablished 
owing to the short distance between contacts, while the striking 
of long arcs at the end of the stroke appears improbable when 
the movable contact is rapidly moving away from the fixed 
contact. 

Second, in opening the circuit, if the interval between suc¬ 
cessive arcs is short, then the oscillation produced when the 
circuit is reestablished finds the potential across the condenser 
very nearly equal to the impressed e.m.f., while in closing the 
circuit, at the first instant the e.m.f. across the condenser is 
zero, and in the successive starting oscillations the difference 
between the impressed e.m.f. and the condenser e.m.f. may be 
considerable owing to the comparatively long time during which 
the circuit was left open. 

Record No. 3. This record starts with an e.m.f. of 9,300 volts 
and 49 high-tension amperes. 

The high-tension line is disconnected from the generating 
system through an oscillation which lasts four fundamental 
cycles, or one-fifteenth of a second, and then the e.m.f. falls 
to 4;500 volts and the high-tension current to zero amperes. 

Before the oscillation of current begins the peaks of the waves 
of e.m.f. for five half-cycles show an almost instantaneous break, 
apparently due to arcs which occur near the maximum value of 
the e.m.f. on the rising side. 

5 

This shows that the switch started to open the circuit 

= l/24th of a second before the current in this particular con¬ 
ductor starts its oscillation. 

Here again we note the absence of long zeros between arcs and 
the absence of high frequency impulses, except at the moment 
of fi nal opening when the energy supplied by the generator 
changes from leading to lagging. 

It is also remarkable that the wave of e.m.f. is hardly affected 
and that only a slight over-tension is produced, while the current 
reaches very high values. This oscillation of the current is 
similar to that obtained in closing the circuit and has the usual 
frequency of 120 cycles superimposed on the fundamental. 

An inspection of the current wave shows, however, that the 
120 cycles oscillating current does not start opposite in phase to 
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the fundamental current as seen in the previous records, but its 
starting zero is shifted 60 deg. from the zero of the fundamental, 
showing that this oscillation of current is started by an arc 
opening the circuit and re-closing it in one of the two switches 
other than that in series with the current transformer from which 
the record is taken. 

This may explain also why the e.m.f., which is the e.m.f. 
of one phase of the delta, is not distorted. 

We must remember, however, that the record gives the 
e.m.f. in the low-tension circuit and therefore does not show the 
phenomena which occur in the line and in the high-tension wind¬ 
ing of the transformer, where the sudden change of conditions 
may produce high frequency impulses affecting the capacity 
of the line and the air reactance only of the high-tension winding 
of the transformer. 

Record No. 4 is similar to record No. 3. It starts with 9400 
volts and 450 low-tension amperes. After the line is discon¬ 
nected the volts fall to 4400 and the current becomes the ex¬ 
citing current of the step-up transformer. In Record No. 4 
the oscillation is limited again to the current and shows two suc¬ 
cessive arcs, the first, quickly reestablished, in the switch in 
series with the current transformer, originating high frequency 
in the e.m.f.; the other probably in one of the other switches. 

Here again the over-tension is small (30 per cent above normal 
maximum value), while the current reaches a very high maxi¬ 
mum value. The total time of the oscillation is 3| fundamental 
cycles, or a little more than one-twentieth of a second. 

TEST No. 2 

A. Switching in Open Line and Step-up Transformer by 
Low-tension Switches 
Fig. 3 gives the diagram of connections. 

. l ow - te nsion switches are left open and the generator ex¬ 
cited to a certain voltage. The high-tension winding of the trans- 
ormer is connected to the line (high-tension switches closed), 
ihe records are taken at the moment of closing the low-tension 
switches, thereby energizing step-up transformer and line. 

The switching by low-tension switches differs from the 
switching by high-tension switches mainly in the following points; 
First, the switches are of the oil type but of different design. 
Second, the energy must go through the transformer before 
reaching the line and therefore there will be no steep wave fronts 
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entering the line. Third, the magnetization of the transformer 
calls for an oscillation of magnetizing current depending on the 
point of the wave of e.m.f. at which the switching occurs. 
Generally speaking, if the switches are closed at the maximum 
of the wave of e.m.f. no rush of current will occur provided the 
residual magnetism is zero. If the switching occurs at the zero 
•point of the e.m.f. then in the first half-cycle the induction in 
the iron must grow to twice the normal maximum value and a 
rush of current follows, etc. 

These oscillations of magnetizing current will appear, of 
course, in the waves of low-tension current only. 

Fourth, owing to the small voltage and the small distance 
between contacts the arcs in the low-tension switch are less 
severe and less frequent. 

Substantially, however, the oscillations will present the same 
character as in the high-tension switching. 

Record No. 5 gives the low-tension volts and high-tension 
amperes when the low-tension switches are closed. (Fig. 3). 

For this record the potential transformer through which 
the wave of e.m.f. is taken is connected on the generator side of 
the low-tension switches (instead of on the line side as shown in 
Fig. 3). The record, therefore, starts with the no-load e.m.f. of 
the generator (4400 volts) and zero high-tension current. 

After the oscillation is completed, the e.m.f. is 9300 volts, and 
the high-tension current is 48 amperes. The conditions are 
therefore identical to those of Record 1. The maximum over¬ 
tension is 50 per cent above the final maximum value, and the 
current reaches a maximum value of 108 per cent higher than the 
final maximum value. 

The oscillation lasts three fundamental cycles, or one-twentieth 
of a second. 

The oscillation consists of two parts: First, a very short high 
frequency impulse in the e.m.f. due very likely to only one 
switch closing the circuit, then the usual oscillation of e.m.f and 
current resulting from the 120 cycles damped wave superim¬ 
posed on the fundamental. 

^noted that in this case there is practically one 
fundamental oscillation, that is to say, the switches did not pro¬ 
duce arcs which opened and closed the circuit several times before 
establishing permanent contact. As mentioned above, the os¬ 
cillation of current due to the magnetization of the transformer 
does not show in this record, which gives high-tension current. 
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Record No. 6. This is taken under conditions identical to 
those of Record 5. Since the potential transformer through 
which the wave of e.m.f. is taken is connected in this case on the 
line side of the switches this record starts with zero e.m.f. 
However, the idle line experimented upon runs parallel to the 
other three-phase line, which was carrying normal load during 
the test, and, therefore, the small e.m.f. due to the mutual in¬ 
duction between the two lines appears before the switches are 
closed. 

The oscillation is very similar to that shown in the preceding 
record, and it is apparent that the switches diH net c'™„t 


mum value of the e.m.f. and the maximum v 
current is 165 per cent higher than the final 
the current. The oscillation lasts 4J cycl 
than one-fourteenth of a second. 

Record No. 7 gives the low-tension e.m. 
current undo: conditions similar to those of 
records. 

The potential transformer through which 
is taken is on the generator side of the switcl 
starts with the no-load e.m.f. of the gene 
and zero low-tension current. 

After the oscillation is completed, the e.m.f 
the current is 450 amperes. 

The maximum over-tension is 40 per cent ab 
mum value of the e.m.f. and the maximum 
the current » 125 per cent higher than the fin; 
of the current. The total oscillation lasts 8| ft 
or seven-fiftieths of a second. 

. T1 ” S record shows clearly how the switches 

ZTa £ the “ * fact, beSe 

tarted the e.m.f. is distorted for 4| cycles. 

he e.m.x. shows the existence of a single-phi 

Symmetry between the positive and negat 

current. Then the third switch closes and 
wnilar to those obtained in the two _ 









1824 


FA C CIO LI; LINE OSCILLATIONS 


[June W 



The generatt ir 
and the osdlia* 


B. Switching out Open Line and Step-up Transeokmi-k n \ 
Low-tension Switches 

Fig- 3 gives the diagram of connections. The* generator 
excites the line through the step-up transformer, and the osdlia 
tion is recorded at the moment of opening the low-tension 
switches. 

Record No. 8 gives the low-tension e.m.f. and low-tension 
current. It starts with 0300 volts and 450 amperes. After 
the oscillation is completed, the voltage ant! current fail to zero, 
since the potential transformer through which the wave of e.m.f. 
is taken is connected on the line side of the switch. 

The maximum over-tension is 43 per cent above the normal 
maximum value of the e.m.f. and the maximum value reached 

by the current is 56 per cent higher than the normal maximum 

value. 

The oscillation lasts a comparatively long time and is not 
completed in the record. 

After the low-tension current has entirely died out and the low- 
tension switches have disconnected permanently the transformer 
and line from the generating system, the e.m.f. across the 
low-tension winding of the transformer still continues ami reaches 
the zero value through a long, slow oscillation. 

When the low-tension switches are entirely open, the high- 

° n , * the transformcr is 8ti » connected to the 

line and the presence of the e.m.f. on the low-tension side of the 

— 1 t he X lii ained d b fh an exchange of oner Sy between the 
transformer. d ^ 0pen ' arcuited inductance of the 

low-tention°e ifTdt' dearly ' This record gives the 

similar to those of Retord g 8 enS1 ° n UndW 00nditton » 

T 7° ltS and 44 “W- '-his 

~fItLd The 

tr^stormo, 6 ‘ZX^ctoSfS “VTl **" ?” “ d tl “’ 

(which obviously has no imn W : J ’ C hlgh ' tcnsion current 

of impulses having the char-fL * ,. e open low -tension) consists 
iron ^cuits S Lot XTSo “T °‘ «<*«"* 

composed of the line capacity Ld’of the . T " 0 " 8 dr0uit i * 
opacity and of the total open-dreuited, 
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inductance of the transformer. The frequency also decreases 
gradually because the e.m.f. and flux density decrease and 
therefore the inductance of the transformer increases, lowering 
the frequency. 

TEST No. 3 

A. Switching in by High-tension Switches Unloaded Line 
Connected at the Far End to Step-down Transformers 

Fig. 7 is the diagram of connections used in this test. The 
end of the line is connected to an unloaded 10,000 kv-a. step- 
down transformer, delta-connected on both primary and second¬ 
ary sides. 

The generator excites the step-up transformer and the oscilla¬ 
tion is recorded at the moment of closing the high-tension switches 
at the power house. 

This test is similar to test 1-A, with the difference that the 



three-phase line is not open at the far end, but closed by an 
unloaded three-phase step-down transformer. 

Fig. 8 gives the equivalent circuits corresponding to the con¬ 
nections of Fig. 7. If we compare Fig. 8 with Fig. 4, we fin d 
that in the" case of Fig. 4 the oscillations occur between the line 
capacity (neglecting line inductance) and the inductance of the 
generating system, while in the case of Fig. 8 the oscillations 
occur between the same line capacity and the inductance of the 
generating system connected in parallel to the open-circuit 
inductance of the step-down transformer. Since this open- 
circuit inductance of the transformer is exceedingly high in 
comparison with the inductance of the generating system, we 
conclude that the frequency of oscillation and in general all the 
phenomena met with in Test 1-A will be reproduced in Test 3-A. 
The switches used in both tests are the same. 
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Record No. 10 gives the low-tension e.m.f. and high-tension 
current when the high-tension switches connect the unloaded line 
and step-down transformer to the generating system. 

The record starts with 4400 volts and zero current. After 
the oscillation is completed, the volts are 8700 and the high- 
tension current 43' amperes. 

This record shows all the features pointed out in Test 1-A, 
namely, irregular closing of the switches, long zero of current, 
e.m.f.. distorted by single-phase load, and oscillations due to a 
damped 120 cycles wave superimposed on the fundamental. 

A new feature, however, which was not given by Record 1, 
is the distortion of the line current * due to the magnetization 
of the step-down transformer. The line current assumes 
regular form after approximately 20 cycles following the com¬ 
pletion of the main oscillation. 

The maximum over-tension is 50 per cent above the final 
maximum value of the e.m.f. and -the maximum value of the 


GENERATOR 


current is 200 per cent higher than the final maximum value of 
the current. 

The total oscillation (disregarding the distortion due to the 
magnetization of the step-down transformer) lasts about 8 cycles, 
or a little less than fourteen-hundredths of a second. 

In conclusion, the phenomena are substantially the same 
whether the line is open or closed by an unloaded transformer. 

Record No. 11 is taken across one of the low-tension windings 
of the step-down transformer and shows the establishing of the 
electromotive force on the low-tension side when the high- 
tension switches are closed at the power house 154 miles away. 
The record starts showing a small e.m.f., due to the mutual 
inductance on the line under experiment from the parallel 
loaded Hne, and the final voltage is 12,000 volts. This cor¬ 
responds to a voltage of 87,500 volts on the high-tension side of 
the step-down transformer, while the voltage on the high- 
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tension side of the step-up transformer at the power house is 
81,400 volts. Of course, the record does not show what occurs 
on the high tension side of the step-down transformer, where 
the incoming wave of electromotive force is partially reflected. 

B. Switching Out by High-tension Switches Unloaded Link 

Connected at the Far End to Step-down Transformer 

Fig. 7 gives the diagram of connections used in this test. 
The oscillation is recorded at the moment of opening the high- 
tension switches at the power house, thereby disconnecting the 
line and step-down transformer from the generating system. 

This test is similar to Test 1-B, with the difference that the 
three-phase line is not open at the far end, but connected to a 
step-down transformer. 

Record No. 12 gives the low-tension electromotive force and 
the high-tension current at the moment of opening the high- 
tension switches (see Fig. 7). 

The record starts with 8700 volts and 43 amperes. After 
the oscillation is completed, the current falls to zero and the 
e.m.f. becomes the no-load voltage of the generating system, 

4400 volts. 

All the considerations mentioned in connection with Tests 
1-A, 1-B and 3-A apply to this case, since the high-tension 
switches are the same in the four experiments. 

The wave of e.m.f. shows that an arc dies out and is im¬ 
mediately reestablished in one of the switches, then—-after less 
than half a cycle—a similar phenomenon is repeated, and 
the oscillation proper begins. At this moment the arcs in the 
switches are of such nature as to modify the conditions of the 
circuit, and the current shows the characteristic resultant wave 
due to a 120 cycle damped oscillation superimposed on the 
fundamental wave. 

Here, again, the oscillation is damped very quickly, a con¬ 
siderable part of the energy being dissipated in the long arcs of 
the switches. 

Record No. 13 is the complement of the preceding record, and 
gives the potential across one phase of the low-tension winding 
of the step-down transformer at the end of the line when the 
switches are opened at the power house under conditions similar 
to those of Record 12. 

Record 13 starts with 12,000 volts, corresponding to 87,500 
volts between line conductors at the receiving end of the line, 
the voltage at the power house being 81,400 volts. 
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the circuit and modify the conditions of the circuit for the length 
of about one fundamental cycle. Second, the high-tension 
switches at the power house are permanently opened, and the 

typical low-frequency oscillation takes place between the ca¬ 
pacity of the line and the open-circuited inductance of the step- 
down transformer, as in thc ( case of Test 2-B. 

In Record No. 12 the maximum over-tension is 20 per cent 
above the maximum value with line connected, and the current 
reaches a value 110 per cent higher than the maximum value 
of the charging current. The oscillation lasts three cycles, or 
one-twentieth of a second. 

In Record No. 13 the maximum over-tension is 26 per cent 
above the maximum normal value. 

TEST No. 4 

A. Switching in by High-tension Switches the Step-down 

Transformer (10,000 kv-a.) at the Receiving End of the 

Link 

Referring to Pig. 7, the line is energized by the generator 
through the step-up transformer, and the records are taken at the 
moment of closing the high-tension switches at the far end of the 
line, thereby energizing the step-down transformer. 

The high-tension oil type switches used in this test are different 
in design from the high-tension switches used in Tests 1 and 3. 

However, the remarks made before on the irregular closing of 
the switches hold in this case also. 

Prom a theoretical point of view, the most convenient way to 
picture the phenomenon consists, perhaps, in considering the 
wm mg of the transformer as a high-tendon line, dosed at the 
tar end and under peculiar conditions of electrostatic capacity 
and inductance. Since the high-tension winding of this step- 
down transformer has a total length of approximately ton miles, 
tins view of the phenomenon is. plausible. 

The records are taken on the low-tension side of the step-down 
transformer, therefore they reveal the establishing of the dif¬ 
ference of potential across the low-tension windings, but fail 
to show the phenomena connected with the first instant of closing 
the circuit, when the line is, so to speak, drained by the high- 
tension winding of the transformer. 
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Record No. 14 gives the low-tension e.m.f. across one phase 
of the low-tension delta of the step-down transformer (which is 
delta-connected on both primary and secondary sides. I 

The record starts, obviously, with zero electromotive force, 
and after the oscillation is completed the e.m.f. is 12,000 volts, 
corresponding to 87,500 volts across line conductors. 

• Record 14 shows an oscillation consisting of three distinct 
periods: First, a difference of potential is established across the 
phase of the secondary winding under investigation, and this 
difference of potential falls to zero through an oscillation, clue 
very probably to the striking of an arc in one of the switches only. 
Second, another switch closes the circuit, and a normal wave of 
e.m.f. of small value is established across the secondary winding. 
In this connection it must be noted that if two switches dose the 
circuit, the full potential is applied at the terminals of the wind- 
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ing connected across the two switches, while each of the other 
two windings of the delta receive one-half of the full difference of 
potential. This explains the low value of the e.m.f. in the second 
period of the oscillation. Third, all the three switches have 
closed the circuit, and the oscillation proper begins, showing an 
asymmetrical wave of e.m.f. due to the rush of current exciting 
the step-down transformer. 

Record No. 15 shows these phenomena more clearly and 
gives the high-tension current as well as the low-tension e.m.f. 
at the moment of switching in the step-down transformers at the 

end of the line. 

Record 15 was taken on the system of the Sierra & San Fran¬ 
cisco Power Company, when three 8,750 kv-a. transformers, 
unloaded, were switched in at the end of 135 miles of three- 

phase line. 

Fig. 9 gives the connections used in this case, the step-down 
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transformers lx>ing Y -connected, with grounded neutral, on the 
high-tension side, and delta-connected on the low-tension side. 

The e.m.f. was taken across one phase of the low-tension delta 
am! the current is the current flowing to ground through one 
of the high-tension windings. 

Record 15 shows again the three periods in the oscillation of 
the e.m.f. and the rush of exciting current. The final voltage 
is 12.000 volts, corresponding to 104,000 volts across phase con¬ 
ductors. 

The oscillation of e.m.f. in Record 14 lasts 10 cycles, or one- 
sixth of a second, and apparently no over-tension occurs. 

A record of the generator e.m.f. and current taken at the power 
house at the moment of switching in the step-down transformer 
at the end of the line, under conditions described in connection 
with Record 14, shows no distortion whatever of the e.m.f. of 
the generator, but a distortion of the wave of current, due to the 
magnetisation of the transformer. 

B. Switching out by High-tension Switches the Step-down 

Transformer (10,000 kv-a.) at the Receiving End of the 

Link • 

Fig. 7 gives the connections used in this test. 

The records are taken at the moment of opening the high- 
tension switches at the end of the line, thereby disconnecting the 
10,000 kv-a. step-down transformer from the line. 

All the apparatus and connections are the same as those used 
in Test No. 4-A. 


hioh disconnect the step-down transformer from the 


•d starts with an e.m.f. of 12,000 volts, corresponding 
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disturbed by the oscillation of the transformer. As the arcs 
become longer and the supply of energy to the transformer be¬ 
comes more difficult, the natural frequency of the apparatus 
asserts itself more and more until, at the very end, the trans¬ 
former is free to oscillate at its natural frequency. This natural 
frequency of the transformer is approximately 1700 cycles. 

After the main oscillation is completed .another short oscilla¬ 
tion occurs, due probably to an arc in one of the switches. This 
last oscillation recalls in its character the beginning of the oscilla¬ 
tion of Record 14, when the transformer was switched onto the 
line. 

Record No. 17 is taken under identical conditions to Record 
No. 15, with the difference that the three step-down trans¬ 
formers (see Fig. 9) are switched off the end of the line of the 
Sierra & San Francisco Power Co. The apparatus, connections 
and conditions of Record 17 are identical with those of Record 15. 
Record 17 confirms entirely the results obtained by Record 16. 
A wave of generator e.m.f. and current taken at the power 
house at the moment of switching out the step-down trans¬ 
former under the conditions of Record 16, does not show any 
distortion in the waves of current and e.m.f. of the generator 

TEST No. 5 

A. Switching by High-tension Switches One of the Three- 
phase Lines, Unloaded and Connected at the Far End to 
a Step-down Transformer, onto the End of the 
Other Three-phase Line Carrying Normal Load 
Fig. 10 gives the diagram of connections used in this test. 

Line No. 2, excited by three 10,000-kv-a. three-phase alter¬ 
nators and three 10,000-kv-a. three-phase step-up transformers, 
carries a load of approximately 20,000 kilowatts, the majority of 
which is delivered at the end of the line—Oakland substation— 
154 miles away from the power house* r 

Line No. 1 is unloaded and connected at the power house to an 
idle 10,000 kv-a. steq^down transformer. 

Records are taken when the beginning of Line No. 1 is thrown 
at the Oakland substation by high-tension switches onto the 
high-tension bus bars, energized by Line No. 2. The high-tension 
switches are of the same type as those used in Test No. 4. 

As stated before, the two lines are identical and run on the 
same towers for the whole length;—154 miles. Therefore, when 
the high-tension switches are closed at the Oakland subsjtation 
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the circuit consists of a loop 308 miles long, whose beginning 
and end are both at the power house. 

Record No. 18 gives the electromotive force on the low-tension 
side of the generator end of the loop, and the electromotive 
force on the low-tension side of the step-dofan transformer 
at the receiving end of the loop. One of the electromotive forces 
is reversed in phase to avoid confusion. 

It being necessary to maintain the load of Line No, 2 in 
operation and in consequence to avoid great variation in voltage, 
the voltage at the generator end of the loop was regulated by 
hand at the moment the switching occurred at the Oakland 
substation. The records, therefore, do not give the true oscilla¬ 
tion in voltage and over-tension, which would have occurred if 
the fields of the generators had been kept constant. 



When one line is connected to the other, the most prominent 
frequencies which appear are the full-wave oscillations of the 
total loop and of each line. Since the total loop is 308 miles 
long, its full-wave oscillation has a frequency of 000 cycles, 
while each line—154 miles long---has a full-wave oscillation of 
1200 cycles, neglecting ohmic resistance. 

Record No. 18 starts with 11,100 volts the generator end of 
Line No. 2 and zero volts at the receiving end of Line No, L 
After the oscillation is completed, the regulated voltage at the 
generator end of Line No. 2 is 11,225 volts, while the voltage 
at the receiving end of Line No. 1 is 9,850 volts. 

These last voltages correspond to 107,500 volts between line 
conductors at the generator end of the loop and 94,300 volts 
between conductors at the receiving end of the loop. 
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All the remarks made before on the performance of high-tension 
switches apply, obviously, to this case and are not repeated. 

The oscillation lasts 3 cycles, or one-twentieth of a second. 
The main frequency superimposed on the fundamental is ap¬ 
proximately 1200 cycles. 

Record No. 19 covers the same experiment as Record No. 18, 
but is taken at the switching point—the Oakland substation— 
on the low-tension side of the transformers carrying the load. 

The record starts with a voltage of 11,300 volts and after the 
oscillation is completed, the voltage is 11,900 volts. This last 
voltage corresponds to 86,800 volts between line conductors at 
Oakland, while the voltage at the power house, at the generator 
end of the loop, is 105,200 volts. 

The oscillation lasts nine cycles, or less than one-sixth of a 
second. A frequency of about 1200 cycles is superimposed on 
the fundamental. 

No conclusion can be drawn as to the over-tension because the 
voltage was regulated at the power house, as explained above. 

B. Switching by High-tension Switches one of the Three- 
phase Lines, Unloaded and Connected at the Far End 

to a Step-down Transformer off the End of the Other 
Three-phase Line Carrying Normal Load 

Fig. 10 gives again the diagram of connections. 

Record No. 20 is taken under conditions similar to those of 
Record 18, but it gives the low-tension voltages at the gen¬ 
erator end and at the receiving end of the loop when the high- 
tension switches are opened at the Oakland substation and the 
idle Line No. 1 is disconnected from the loaded Line No. 2. 

The record starts with 11,225 volts (107,500 volts between line 
conductors) at the generator end of the loop, and 9,850 volts 
(94,300 volts between line conductors) at the receiving end of 
the loop. After the oscillation is completed, the volts at the 
generator end of the loop are 11,100 (106,000 volts between 
line conductors) and the voltage at the receiving end of the 
loop is zero. 

The oscillation of voltage at the beginning of the loop lasts 
six cycles, or one-tenth of a second. At the receiving end the 
oscillation is composed of two parts: The first part covers the 
period during which the high-tension switches are opening the 
circuit. The second part occurs after the switches are entirely 
opened and shows the characteristic exchange of energy be- 
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tween the disconnected line and the step-down transformer at 
low frequency. 

The two parts of the oscillation over-lap, and a frequency 
of 600 cycles (half-wave length oscillation of 154 miles of line) 
is superimposed on the low frequency surge between line and 
transformer. 

The first part of the oscillation shows a frequency of about 
1200 cycles, increasing in magnitude and superimposed on the 
fundamental. 

Record No. 21 covers the same experiment as Record No. 20, 
but is taken at the switching point—at the Oakland substation 
—and gives the voltage on the low-tension side of the trans¬ 
formers carrying the load. 

The record starts with a potential of 11,900 (86,800 volts 
between line conductors) and ends with 11,300 volts (82,500 
volts between line conductors). 

Before the switches are opened, the voltage at the power 
house, at the generator end of the loop, is 102,500 volts. 

The oscillation lasts eight cycles, or a little less than one- 
seventh of a second, and shows the usual frequency of about 
1200 cycles superimposed on the fundamental. 

In the last two records, at the moment of opening the high- 
tension switches the field of the energizing generators was 
strengthened in order to compensate for the drop in the line due to 
the disappearance of the charging current required by the idle 
Line No. 1. Under these conditions Record No. 20 shows a 
maximum over-tension of 22 per cent above the final maximum 
voltage of the loaded Line No. 2, and a maximum over-tension 
of 21 per cent above the final maximum voltage of the idle Line 
No. 1. In Record No. 21 the maximum over-tension is 27 per 
cent above the final maximum voltage. 

The records, as repeatedly mentioned above, show only 
the potentials on the low-tension side of the step-up or step-down 
transformer, and in order to form an idea of the phenomena oc¬ 
curring on the high-tension line these tests were supplemented 
by measuring at the instant of performing the different switch¬ 
ing operations the maximum sparking distance across a choke- 
coil inserted in series with a line conductor. Figs. 3, 7 and 10 
show the exact location of the choke-coils shunted by spark gap. 

Each choke-coil consists of 34 turns of half-inch copper rod. 
The inside diameter is 5^ in., the outside diameter 6£ in., the 
total height 32 in. 
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The inductance of each coil is 0.0326 millihenry, so that 
100 amperes at 60 cycles would give across the choke-coil a drop 
of 1.26 volts. 

Each of the different switching operations was repeated several 
times, and the following table gives the maximum sparking 
distances obtained across the coil. 


Test No. 

Diagram 

Record No. 

Sparking distances 

1-A 

3 

1 and 2 

£ in. at switching point. 

1-B 

3 

3 and 4 

a « « u u 

2-A 

3 

5, 6 and 7 

Less than £ in. 

2-B 

3 

8 and 9 

Less than £ in. 

3-A 

7 

10 

£ in. at generating station—switching point. 



11 

Less than | in. at receiving end. 

3-B 

7 

12 

£ in. at generating station—switching point. 



13 

Less than £ in. at receiving end. 

4-A 

7 

— 

Less than § in. at generating station. 



14 

1£ in. at receiving end—switching point. 

4-B 

7 

— 

Less than £ in. at generating station. 



16 

| in. at receiving end—switching point. 

5-A 

10 

18 

Less than £ in. at generating station. 



19 

£ in. at switching point. 

5-B 

10 

20 

Less than £ in. at generating station. 



21 

| in. at switching point. 


These sparking distances represent the product of the intensity 
of the current times the steepness of its wave front. In Test 
1-A, for instance, the maximum instantaneous value reached by 
the current is 130 amperes. A sine-wave current whose maxi¬ 
mum value is 130 amperes would give across the choke-coil at 
60 cycles a drop whose maximum value is 1.64 volts. In our 
test, the maximum difference of potential across the choke-coil 
rose to 5,500 volts, from which value we can form an idea of the 
steepness of the wave front. In the case of Test 4-A the dif¬ 
ference of potential reached the value of 24,000 volts. 

These results, supplemented by a general inspection of the 
records, allow us to draw the following conclusions: 

In the class of phenomena which we have investigated, ab¬ 
normally high potentials to ground or between line conductors, 
or across windings of apparatus, are not to be feared. The 
maximum over-tension which the records show is 60 per cent 
above normal operating value. This corroborates the theory 
of these phenomena, whereby the maximum possible over¬ 
tension is equal to the normal tension when the damping effects 
are neglected. 
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On the other hand, a glance at the records impresses one 
with the fact that, if high potential is absent, high frequency 
is a common occurrence. The spark gap tests tabulated above 
confirm this impression and point out the danger resulting to 
the end .turns of apparatus from these switching operations. 

It seems, therefore, that our common method of protecting 


■Oscillograph 
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at the highest voltages in use to-day. The switching operations 
performed, for instance, on the system of the Great Western 
Power Company during this investigation were more numerous 
and more severe than the system will experience in a long time of 
normal operation, and yet no damage whatever resulted to the 
line or to the apparatus, showing that the confidence of the engi¬ 
neers in high-voltage installations is justified. 

The only danger, perhaps, consists in the possibility that some 
of the frequencies, at which inductances and capacities exchange 
energy, will coincide with the frequency of the generating system 
or its harmonics. A simple calculation of the constants of the 
circuits is, however, sufficient to obtain the value of these fre¬ 
quencies and to ascertain the absence of resonance. 

The high frequency impulses, which originate at the point 
where the switching is performed, extend over a short length of 
the circuit only. The steepness of such impulses is quickly 
reduced and smoothed over and their effect is localized. 

The oil high-tension switches open the circuit, as generally 
admitted, at the zero point of the wave of current, and since the 
establishing of the circuit is generally due to an arc, they close 
the circuit at the maximum point of the wave of e.m.f. or in its 
neighborhood. No attempt was made in these experiments to 
close the switches at different points of the wave of e.m.f., but it 
was preferred to obtain information as to the point of the wave 
at which the switches would naturally close the circuit. 

Low-tension switching is preferable—when possible—to high- 
tension switching. In this connection, it is interesting to note 
that high-tension switching may be undesirable when trans¬ 
formers are near the switching point, in which case low-tension 
switching may be generally arranged for. 

In energizing a line two methods of procedure may be followed 
(a) the open line is connected to the generating system, and the 
step-down transformer is thrown onto the end of the live line; 
*(&) the step-down transformer is connected to the dead line and 
then line and transformer are connected to the generating system. 

Our records show that the second method is the best, as it 
produces one oscillation only and this oscillation is of the same 
character as the less severe of the two oscillations which take 
place in the first procedure. 

This paper discusses, naturally, only a small number of the 
numerous oscillograms taken. For each switching operation 
several records were obtained, and the ones published are 
representative. 
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by w. w. LEWIS 

The method of recording the waves shown in the foregoing 
paper is described in this appendix. 

Apparatus Used. The oscillograph used was of the three- 
element electromagnetic type illustrated in exterior view in 
Fig. 11 and previously described in papers before the Institute. 

This is regularly equipped with the film holder, shown in 
Fig. 12a and 12 b, which con- _ 

of the holder after the drum 
is in place. The holder is 
provided with a rectangular 
aperture and shutter, and a suitable arra: 
in place on the oscillograph. 

The standard film for which this holder 
wide by 12J in. long. 

An auxiliary arrangement 


Fig. 12a. —Standard film holder 


was devised for films longer than 


Fig. 12b.— Standard film holder 
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f in. wide by 3J in. long. A small wooden box with open top 
and inside dimensions 1$ in* by 3f in. was made. This fitted 
over dowel pins and was fastened to the holder by small hooks. 
The box was made for a No. 2 Bull’s Eye Kodak spool, as this 
was a convenient size and permitted of ready means of holding 

in place. These spools have a 
hole bored throughout their 
length, and a brass rod with a 
knurled head served to hold them 
in place and form an axis on 
which they could revolve. A 
piece of spring brass pressed a 
small brass cylinder, through a 
hole in the side of the box, 
against the end of the spool and 

Fig. 13a.—F ilm holder with at- SerVed t0 aCt aS a brake ' This 
tachment for long films was found to be unneces¬ 

sary. 

Method of Operation. The method of operation with the regu¬ 
lation film will first be described, assuming that all the pre¬ 
liminary steps have been taken and there remains only the ex¬ 
posure of the film. The procedure in making the exposure is 


Fig. 13b.— Film holder with attachment for tong films 


ordinarily as follows: First, start motor which revolves the 
film; second, open aperture in the film holder; third, operate 
electromagnetic shutter. 

The oscillograph shutter may be operated in two different 
wavs, first by a worm contact, which opens the shutter and 
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commences the exposure at the beginning of the Him, stopping 
the exposure at the end of one revolution; after the lever is 
pulled the film holder makes about one revolution before the 
shutter opens. Second, by the instantaneous or disk contact, 
which opens the shutter instantaneously when the releasing 
lever is pulled and keeps it open during one revolution of the 
film. 


POTENTIAL 


L.T. CURRENT J ( POTLNTIAL 


SWITCHING 




m 


y j y v v \j \i 


START OF EXPOSURE 


Fig. 14 

For ordinary normal waves of 00 cycles frequency the film k 
revolved at the rate of 600 rev. per min. In recording the oscilla- 
tions, however, this speed was reduced to 200 rev. jier min 
That is the 12-j-in. film passed the light aperture in three* 
tenths of a second. At this rate of speed 18 cycles of a (K)-cvclc 
wave could be recorded. This, in most cases of switching, would 
be ample to record the complete oscillation, providing the ex- 


POTENTIAL 


Vjy CURRENT '-START OP EXPOSURE 


SWITCHING 


Pro. 16 

J* ” «■« the OKillMi. 

TbTaTZ'^ T ° <>f the Sira, 

wdnr, „ * 3 f ethod of “Plating the shutter, that i* bv the 

sr-srs.'asLT T: , ** 

commences; the second mot-h i CCOn< ,e ur, - > the <‘Mediation 

be operated only in time To reqmrCS thttl shutter lever 

only m time to make sure that it is open before the 
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oscillation takes place, probably one one-hundredth of a second 
before the oscillation begins, and it has the disadvantage that the 
exposure may begin at any point on the film. 

The second method was found to be the most suitable and 
some excellent results were obtained. For example see Fig. 14, 
which shows the complete record. Here the exposure com¬ 
menced about one-fourth the film length from the end, ran off 
the end, commenced again at the beginning of the film and ran 
along to the starting point. The oscillation took place about 
one-third of the length from the beginning of the film or about 
one-sixth of a second after the shutter opened. Fig. 15 shows a 
record that is not satisfactory. The exposure began about the 
middle of the film. The oscillation commenced nearly at the 
end*of the film and had not been completed when the starting 
point was again reached. Other records were obtained in which 




the exposure commenced at the beginning of the film and the 
oscillation was wholly completed within the length of the film, 
Fig. 16 shows one of these. 

It will be readily appreciated that this required very accurate 
timing. Automatic timing devices were tried, but were found 
to be unduly complicated, in view of the nature of the power 
plant wiring and switching; and especially so when the switching 
was done in one station and the oscillograph located in another. 

To overcome the shortcomings of the regular film and insure 
more certain results, the arrangement for long films was devised. 
This arrangement immediately extended the usefulness and ac¬ 
curacy of the apparatus. The films used were 3^ in. wide by 
48 in. long, so that instead of three-tenths of a second in which 
to make the exposure, about 1.1 seconds were now available, and 
approximately 66 cycles could be recorded; the exposure always 
commencing at the beginning of the film, 
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The procedure in loading these films is as follows: They are « 
loaded in daylight as with an'ordinary roll film camera, the * 
film being placed in the box and the end of the black paper cover- - 
ing drawn through the aperture in " the holder and inserted la ¬ 
the slot in the drum (see Fig, 17).'’ About one-half turn is made- 
around the drum with the black paper and the box drawn up and 
fastened J;o the holder. • T 

The routine in exposing the standard or short films was to • 
first start the motor that revolved the film, next open the aper- : 
lure in the film holders and lastly to operate the electromagnetic » 
shutter at the proper instant. With the long films the routine , 
was in the reverse order, that is, to first open the light shutter 
and keep it open, next open the aperture in the film holder; the • 
black paper protecting the film from exposure, and finally at the 



Fig. 17.—Showing method of loading a long film 

proper instant to start the motor and wind the film from the 
spool onto the drum. 

Th !JfT W ^ ° Perated at high S P eed and th e reduced speed 
.equired by the film secured by means of counter-shafting, which 
is dearly shown in Fig. 18. .The belts, which consisted of 

” ade Ver y tight. By this means acceleration 
was secured m probably one-fiftieth of a second, or practically 
instantaneously. The film was preceded by 20 in. of black paper ■ 

“ already bee " capped “ P hT 

w 2 two-thirds, or one turn, to.be wound around the 

^ ““'f fflm r H be eXpOSed ' This H°wed abou 
-hree-tenths of a second to elapse between the starting of th» 

zzstzr™ ° ! the ** v*. 
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As familiarity was gained with this device, the efficiency of 
operation was increased from probably 50 per cent with the short 
films to approximately 95 per cent with the long ones. At one 
particular station where fifteen exposures were made, all were 
successful—an efficiency of 100 per cent. 

The significance of this can be appreciated when it is stated 
that all the signals were manual and vocal. When the switching 
was done in the station where the oscillograph was located, the 
signal passed from the oscillograph operator to the switchboard 
attendant either direct or through an intermediate person. 



Fig. 18.—Oscillograph and testing equipment at Big Bend 


When the switching took place at one station with the oscillo¬ 
graph located at another, a telephone and two or three additional 
men were needed in the signalling chain. As described in the 
paper, Records 18 and 20 were taken at Big Bend Power Plant, 
while the switching was done at Oakland, 154 miles distant 
(see map, Fig. 1). The oscillograph set-up and the station 
layouts necessitated a signaling chain consisting of five men; the 
oscillograph operator, an intermediary and a telephone. at¬ 
tendant at Big Bend; a telephone attendant and a switch¬ 
board attendant at Oakland. In addition to allowing time for 
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the transmission of the signals, it was necessary to make an 
allowance for the lag in the switch mechanism, which was some¬ 
times appreciable. 

Several exposures were made in which a line was switched on 
and off the generating system and both operations recorded on 
the same film. 

To assist in judging the proper time to be allowed for the 
transmission of the signals, etc., one trial switching operation 
was usually performed, the movement of the beam of light !x*ing 
noted on a ground glass inserted in place of the film. 

None of the records given in the foregoing paper show more 
than 10 in. of the 48 in. of the film exposed, with the exception 
of Record 15, which shows 20 in. 

In most of the exposures the zero line was not recorded, as it 
was not necessary and only complicated the records. To record 
the zero line the procedure with the short films is to make a second 
exposure with the vibrator switches open. With the long films 
a second exposure is not possible, but the zero line is recorded 
at the time of the original exposure by using the beam from the 
third or idle vibrator. 

When two vibrators were in use it was found most satisfactory 
to cause their zero positions to coincide, in some cases reversing 
one of the waves, to better distinguish them when the two waves 
were nearly in phase. A few records were taken in which the 
zero positions of two waves were widely separated, thus separating 
the waves and preventing confusion. This, however, necessi¬ 
tated waves of small amplitude, and owing to the uncertainty 
as to the probable amplitude during an oscillation the method of 

using coinciding zeros in the center of the film was found most 

suitable. 

fii unloading is done in a dark room. To unload the standard 

itn 1S removed ; thc dru ™ taken out and the film 
lon fiw •+ • he , reverse of the fading operation. With the 

woodel w 13 r e$Sar r t0 l00SCn thc hooks ; "><i remove the 

Tthe holder The " ° Ut through ^ apcrlttw ' 

removed C ° Ver drivin « 1™ need never be 

°r g aU the Switching operations one terminal of the 
inbrator was connected to one of the poles of the electromagnet 

^«;^ rated ’ “ ° rdCT t0 eUnainate the 

present dlffere nces of potential, which were sometimes 
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Discussion on “ Electric Line Oscillations.” Chicago, 
June 29, 1911. 

C. P. Steinmetz: Mr. Faccioli’s paper gives ari oscillographic 
investigation of the transients, that is the oscillations, traveling 
waves, etc., produced by switching operations in transmission 
systems at the utmost limits of voltage and distance reached 
today: a 100,000-volt system, comprising a three-phase circuit 
of over one hundred and fifty miles, and in some of these oscillo¬ 
graphs, records are presented in which two of these lines halve 
been connected in series, so giving a circuit of over 300 miles 
operating at 100,000 volts. The taking of these oscillograms 
naturally involved considerable difficulties, quite a number of 
problems, which are discussed by Mr. Lewis. Specially favorable 
conditions for the investigation of the phenomena existed in this 
circuit, as oscillograms could be taken at the generator end; at 
the receiving end and in the middle of the circuit, and thereby it 
was possible to investigate the propagation and the attenuation 
of line disturbances, created at one point of the line, and the 
effect produced by them at other points, at the middle and ends 
of the line and at the transition points between line and other 
apparatus. Tests were made on opening and closing the circuit 
at the generating end of the high potential lines, by high potential 
switching and by low potential switching, with the line open at 
the other end, and with the line connected to step-down trans¬ 
formers. Tests are also given of the phenomena occurring when 
150 miles of line is switched to another 150 mile' line, or 
switched off, at 100,000 volts. I 

An interesting and important conclusion from these tests is 
that the oscillations and disturbances of such a system are riot 
those of a line or circuit of uniformly distributed capacity and 
inductance, are not the phenomena usually described in the text¬ 
books, but that in the oscillation the transformers arid the 
generating system participate, and the oscillation thus is a 
compound oscillation of the system, comprising different sec¬ 
tions of different characteristics and constants: transmission 
line, step-up transformer, generator. Two conditions exist, one, 
where the circuit consists of the transmission line, the leakage 
reactance of the step-up transformer and the generating system, 
with transition points between these circuits. The other con¬ 
dition results by disconnecting the generating system from the 
line, and gives a circuit comprising the transmission line and the 
mutual inductive reactance of the transformer, which is very 
many times greater than the leakage reactance, and is an iron¬ 
clad reactance, while the leakage reactance, is essentially an air 
reactance. The latter case results in a frequency of oscillation 
of the compound circuit which is very low, below machine fre¬ 
quency, reaching as low as from 20 to 30 cycles. As seen in Figs. 
8, 9, 13, 20, etc., voltage and current waves are distorted greatly 
by the periodic variation of the ironclad inductance; and suc¬ 
cessive half waves increase in length, due to the increase of in- 
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ductance with the decrease of voltage and thus of magnetic 
density. When the generating system is implicated and surges 
with the line, the transformer inductance is much lower, as it is 
the leakage inductance, and the frequency of oscillation of the 
compound circuit is higher, is between the second and third 
harmonics, approximating 120 cycles. A number of interes tin g 
phenomena result by a superposition of this frequency of oscilla¬ 
tion on the fundamental generator frequency, since the oscilla¬ 
tion frequency is approximately twice the generator frequency. 
This means in the resulting current alternate half waves are 
subtracted from each other and added, so that there are suc¬ 
cessive periods where the current is nearly extinguished by super¬ 
position of two opposing currents of the two different frequencies, 
and periods where it is exaggerated. Such a current passing 
through a high potential switch gives the effect that the arc is 
extinguished at the low current values and rekindles again at the 
high current values. This gives not a single transient oscilla¬ 
tion, but a series of successive transients, as shown in the os¬ 
cillographic Records 1, 2, 10, etc. Record 2 especially gives a 
vei fy A on g ex ti nct ion of current. We must consider that in 
switching at these high voltages the contact is not made and 
broken as metallic contact, but before the switch ter minal s 
meet, the spark jumps ahead and closes the circuit by an 
arc. When the switch contacts separate in opening the circuit, 
the arc follows for quite a number of cycles. 

It is obvious that the arcs of the different phases do not 
necessarily extinguish at the same moment, nor start at 
the same moment, and that, therefore, even if the switch 
medt^msm of all phases is absolutely simultaneous in its 

thl°rUff the + aC ^ Ual closmg ?- nd opening of the circuit of 
the different phases is not simultaneous, but some of these 
open or close ahead of the others. This gives a momentarv 
unbalancing of the circuits, and leads to some interesting pS 
nomena as shown in Records 7 14 anH i ^ q ^ * n 

noteworthy is the frequent appearance of high frequency^waves^" 
as s ^wninm 0 t ^theosdllograms Records 1, 2, 3^10, 12 , 

^o= 

SSrSw^ s e Jhe e a nCe e°a f freq^del! ^ptSy 

transformer whendisco^cti^it 

17, etc., as this shows the danger to wbioh ’ 

exposed. Record 9.n to ™ _. _ sformer is 


tween the section c of ^ ^ tment oi the stored energy be- 
oscillation as a whole. m P oun( I circuit, which precedes its 
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Especially important is the absence of high frequency in the 
oscillograms taken at a considerable distance from the starting 
point of the disturbance, as the switch. This illustrates that 
high frequency does not travel very far, but is local, and that 
the more, the higher the frequency: the extremely high fre¬ 
quencies observed by spark gap across a small reactance, had 
vanished already at a short distance from their origin. 

The starting transient of a transformer is shown in Record 15, 
which illustrates the excessive starting current, lasting for many 
cycles, and its unsymmetrical shape, resulting from even har¬ 
monics. 

It is obvious that I cannot discuss in detail the oscillograms, 
but they have to be carefully studied from the records. How¬ 
ever, the conclusions from these investigations are essentially 
that switching in a high potential circuit of considerable capacity 
is a dangerous operation, even with the oil circuit breaker, and 
therefore it should be avoided as far as possible. It is dangerous, 
however, only if the switching occurs at or near a transition 
point between circuit sections of different constants, near a 
transformer, but no, danger results where switching is done in 
the middle, or inside of a homogeneous circuit, as from one trans¬ 
mission line on to another transmission line with no transition 
point near it. Therefore, where a change in the circuit constants 
by a transition point is near, as a transformer, you should arrange 
the switching on the low tension side, as this is safe, but where 
there is no transformer nearby, you have to switch in the high 
tension side, but there all the circuits which are involved are line 
circuits of the same or similar constants, and there switching is 
relatively harmless. Furthermore, these records show that 
whatever takes place, any change of the circuit conditions results 
in the appearance of high frequency, and high frequency is in 
those high voltage systems an ever present phenomenon, as 
much as the waves of the ocean are ever present. High fre¬ 
quency impulses, as oscillations of current, and corresponding 
oscillations of voltage, are of moderate amplitude, usually not 
high enough to raise the voltage of the system sufficiently to 
discharge over the lightning protective apparatus, and lightning 
arresters therefore usually can not take care of these high fre¬ 
quency .oscillations. Their danger consists in the possibility 
of locally piling up the voltage, in inductive parts of the circuit, 
as in the end turns of the transformers, generators, etc., etc. 
The danger of these high frequency surges thus results not from 
an increase of the voltage of the system, but from the local ex¬ 
cessive potential differences which they may create in apparatus. 

Max H. Collbohm : The main points brought out in Mr. 
Faccioli’s paper are, in the speakers’ opinion, the following two: 

1 . The fact that the higher harmonics in the generator wave at 
no load practically disappear with a certain increase in current. 

2. The appearance of high frequency oscillations during 
switching operations in long distance transmission systems. 
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I have made the same observations in a 86,000 volt 25-cycle 
o3 mile transmission system where the generator wave von 
tamed at no load the 17th harmonic of about five per vent 
amplitude. The influence of this 17th harmonic could, how¬ 
ever, not be detected by any appreciable increase in the chare 
in m? UTen * over that due to the fundamental frequency. 

cvcw! +n emS t0 - mdicatethat in a high voltage transmission 
system the requirements for a smooth generator voltage wave 
without harmonics, which heretofore have been strongly adv<> 
cated, lose a great deal of their importance 
Regarding the second point, viz., the high frequency oscilla- 
tions of moderate amplitude and the consequent building up of 

Sr tag6S When n ? eetin S inductive reactance, it mu.s' he 
said that our present American types of arresters, including the 

iTSSSSSS **’ do " otaffonl my 

elements shunted by a choke coil of very high react • ct <h > 

u hi,v V* •**- v"<« 

inaiipri in tta * *. ills type of arrester Has Imvii 

prom,nent *■*«• <>»•»**» 

devSed'bJIhf^t 0 " ? ere has •*“ l**” mentioned a adieu,e 

bility for otlkon So ’ oSnL e lr "’ll 'T eV"*-' 1 .' <»™«- 
former taps to the point where thk fj° m * the tensjon trans¬ 
mission line, the choke rnil ^ . am ' 8t f r ta P» 1)11 to «!><• trims- 
Swedish iron. S bcmg also wo «" d with soft 

imn thi - SCh T e « Stained by the 

to the skin effech * Xr ° n Wiro undw >»«h frequency, due 

high tension series^^rLsfornmr^ro 118 t Schvme . to Protect the 
frequency, which consists in i i ^ rom damage due to the high 

shunted across the high tension tem/nak^fl if 1lectr V lylLic »' n 
former. The before mentioned ! °, f the writ* trims- 

entire success in a promiW^Wi^ ^ trie<1 °. ut with 
passed through a great number 7 roa ^ ec ^ nc plant which has 
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first actual investigation of this particular class of phenomena 
on an actual transmission line of high voltage to find out what 
really existed there. Our transformers may break down, and it 
is very difficult to tell why they do break down. As both manu¬ 
facturers and operators are desirous of avoiding failures, it is 
necessary to^ actually investigate the phenomena taking place 
on transmission lines, so as to have facts at hand, instead of more 
or less empirical hypotheses. We have certain elements of mass, 
velocity, inertia, elasticity in mechanical or electrical systems, 
and it helps very much to have us understand what is taking 
place in electrical systems, if we form some conception of the 
mechanical analyses. Interrupting a high tension circuit often 
makes me think of a fact in our daily experience, in earlier times, 
in getting the running light losses on synchronous motors, by 
throwing the belt, which used to be an exceedingly interesting 
thing with large motors—we used to throw it across the shop 
anywhere m the neighborhood to get it out of the way, and you 
have just about the same element when the transmission of 
energy is interrupted very suddenly; we have about the same 
class of phenomena, with very different appearance. After 
having investigated and discovered what the real facts are in 
high tension switching, we can understand the matter more 
clearly; and I want to offer here a word of sincere appreciation 
for this investigation and for the elucidation which this matter 
had from Dr. Stemmetz both before and at the meeting, in clear¬ 
ing up a great many vague ideas which we had of what was 
taking place on transmission systems. 

. As a matter of fact, on high tension transmission systems the 
insulation is getting to be so strong, that if every thing is in 
proper shape, the number of disturbances is going to be very much 
smaller, because while these oscillations may exist the voltages 
induced by them are below the factor of safety of the insulating 
material on the line and on the apparatus. But, as Dr. Steinmetz 
very clearly brought out, the line is not the only thing to be con¬ 
sidered, because when we have an oscillation of electricity, as it is 
playing back and forth into the capacity of the line, or through 
some leak of the line into the capacity of the ground, the place 
where the harm is done is where the voltage piles up, and that is 
always across the reactances. 

Now, in the future design and operation of transmission sys¬ 
tems we are going to find out through that wonderful instru- 
ment the oscillograph—and it is rather interesting to note in 
these scientific investigations the important part the oscillo¬ 
graph has played more and more nearly exactly what is taking 
place, and we shall have an increased ability to interpret the 
results, something that is not always done without a consid¬ 
erable expenditure of time and money. But as a general result, 
somewhat repeating what has been said, the result of this very 
important and. interesting investigation is a reassurance con¬ 
cerning our ability to deliver uninterrupted power to our future 
high tension transmission systems. 
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C. P. Steinmetz: I would like to make a few remarks re¬ 
garding the spark gap test that showed a voltage of some 20,000. 
From the characteristics of the line, you get the relation between 

voltage and current of the transient: , and from the start¬ 

ing voltage of the transient, we get the transient current. This, 
with the inductance of the reactive coil, gives the frequency re¬ 
quired to produce the observed spark voltage of this traveling 
wave. This calculation gives an approximate frequency of 
2,000,000 cycles. We thus find that there are frequencies of 
oscillation moving around the system, varying from 20 cycles, 
which is the oscillation of the transformer, up to the magnitude 
of 2,000,000 cycles. 

Percy H. Thomas: As Mr. Rushmore has said, this work 
of Mr. Faccioli’s is one of the first efforts that has been made 
on a full sized plant to determine just what happens by actual 
measurement in generators and step-up transformers at the time 
of switching. It would be well to consider in connection with 
this paper a paper presented at the Asheville Convention of the 
Institute in 1905, which was a somewhat similar study of the 
static effect produced by switching. These results, you will 
remember, were obtained in 1902 on some plants in the middle 
western part of this country. The tests were limited strictly to 
the experimental study of static phenomena, which, as Dr. 
Steinmetz said, is not the subject of the present paper—these 
two papers thus become complementary. 

For fear it should be considered a misprint, I will call your 
attention to a point in the table (p. 1841) under 4 -a opposite 14 in 
the last column, you will note that 1J in. spark-gap was jumped at 
the receiving end across a small choke coil in series with the line 
representing a momentary voltage of 24,000 volts. This is a 
purely static phenomenon of course, this measurement of voltage 
across the choke coils having been an incidental test in connection 

. exp ?W? ents - The point about that extra h-gh 
voltage this being higher than in any other test, is brought out 

iiSts°off of , whic ? 1 speak ’ finely, that the most serious 

results of a static nature from switching come when you connect 

a pi ®S e . of apparatus of a different potential to a line which has 
stored m electrostatic capacity a sufficient quantity of enemy 

y OU are connecting Mle apparatus with whifh 

line on the enA ' u- ^ LS P artlcu ^ ar ca se was a transmission 
line, on the end of which was a transformer the transmitrm 

line having a large capacity of energy stored SvTK 

fv-ss* Td* 

^ 10 lead ° f the received a 


A -paper presented at the 28 th Annual Conven¬ 
tion of the American Institute of Electrical Engi¬ 
neers, Chicago , III., June 29, 1911. 

Copyright 1911. By A. I. E. E. 


THE ELECTRIC STRENGTH OF AIR.— II 


BY JOHN B. WHITEHEAD 


In a former paper 1 with the title of the present one the author 
described a series of investigations of the conditions under 
which the air breaks down in the neighborhood of clean, round 
wires subjected to high voltage. A principal feature of that 
paper was the description of a method for observing with a 
close degree of accuracy the critical or corona voltage for various 
sizes of wire when centred in cylinders forming the opposite 
side of the source of voltage. There has been a great diversity 
in the values of critical voltage as given by other observers, who 
for the most part have used the appearance of the visible corona 
and the readings ,of instruments in the primary circuits of 
transformers as indications of the voltage at which the air breaks 
down. The method referred to was developed as the result 
of a conviction that the laws governing the loss between high- 
tension lines could not be satisfactorily determined without a 
study and knowledge of the fundamental phenomena. So far 
therefore these investigations have been concerned only with 
the conditions under which the air actually breaks down, causing 
a large increase in conductivity and power loss. The results 
of the former paper show among other things that when cor¬ 
rected for wave form, temperature and pressure the electric 
intensity at the surface of a clean, round conductor, correspond¬ 
ing to the voltage at which corona starts and loss sets in, is a 
constant for each size of wire. This value of surface intensity 
varies with the temperature and pressure and is that correspond¬ 
ing to the maximum value of the voltage wave. It is different 
for different sizes of w ire but is independent of the material 
1. J. B. Whitehead, Transactions A.I.E.E., 1910, XXIX, II, p. 1159. 
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of the wire, of the moisture content, and of the amount of free 
ionization in the air. In the present paper some further facts 
bearing on the fundamental relation between diameter and criti¬ 
cal surface intensity are given, and a series of investigations of 
the influence of stranding a conductor, of variations of at¬ 
mospheric pressure, and of frequency on the critical electric 
intensity are also described. 

Critical Surface Intensity. As used in these papers the term 
critical surface intensity ” refers to the voltage gradient at the 
surface of a conductor at which the visible corona appears and 
ionization of the neighboring air with accompanying conduc¬ 
tivity begins. These two phe¬ 
nomena are exactly contem¬ 
poraneous as has been shown 
in the foregoing paper and 
by numerous later observa¬ 
tions. No investigations have 
been undertaken showing the 
variation of the loss above 
the critical voltage. For the 
details of the method by 
which the critical intensity is 
observed to a close degree of 
accuracy the original paper 
must be consulted. The prin¬ 
ciple is simple, however, and 
may be described briefly. The 
wire is stretched along the 
axis of u metal cylinder and 
the voltage is applied between 
them. Air may be passed 
through the cylinder by means 
the ends, the 

^ "T, a °f «»au holes. Close to one set 

insuhSg bShiVto • e, ' Ctr0de ' C °’ meCted thrm eh an 

soon as \ ^ * 

after any “ repeitei « will, and 

a most satisfactory constancy of f ° r J e ™ perature and pressure 

venience of referlSTSShcTthLV ‘"’V*' P ° r 

sKetcn ot the apparatus is shown 



of two lateral tubes near 
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Fig. 1. The constancy of the relation between critical surface 
intensity and diameter of wire was shown by various combina¬ 
tions of material and sizes of wire and cylinder. The results on 
this portion of the work are plotted in Fig. 2 in which the letters 
A and 5 indicate points observed with aluminum and steel 
wires respectively; the remaining points are for observations 
with copper wire. A formula connecting the value of the critical 
surface intensity with the diameter of the wire has been added 
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DIAMETER MILLIMETERS 

Fig. 2 

to Fig. 2. This formula which refers to the conditions of 
760 mm. pressure and 21 deg. cent, temperature is as follows: 


in which E is the critical surface intensity in kilovolts per centi¬ 
meter and d is the diameter of the round conductor in centi¬ 
meters. For the discovery of this simple relation I am indebted 
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to Dr. Alexander Russell. Over the range of diameters covered 
by the observations this law is obeyed with remarkable closeness 
In Table I values calculated from formula (1) are compared with 
those observed and plotted in the curve of Fig. 2. A column 
showing the percentage error .referred to the calculated values is 
a so given. It is seen that this error is less than 1 per cent 
throughout the whole curve with the exception of one point which 
represents a reading on aluminum wire. This point actually 
falls outside the curve of Fig. 2 a fact which is due to the im¬ 
possibility of obtaining a smooth polished surface on an aluminum 
wire. A roughened surface invariably causes a lowering of the 

.. TABLE I 

ERVED AND CALCULATED RELATION' BETWEENDIAMETER OP WIRE 


Diameter 

cm. 

Surface 

Calculated 

intensity 

Observed 

Difference 
per cent 

0.089 

76,950 

77,100 

+0.19 

0.122 

70,400 

70,875 

+0.67 

0.156 

65,950 

65,880 

—0.1 

0.205 

61,600 

61,680 

+0.13 

0.254 

58,600 

58,750 

+0.25 

0.276 

57,500 

58,000 

+0.87 

0.235 

55,600 

55,000 

—4.08 

0.340 

54,980 

55,100 

+0.21 

0.399 

53,230 

53,050 

—0.33 

0.347 

54,780 

54,500 

—0.51 

0.475 

51,460 

51,400 

—0.11 


critical intensity. The closeness with which this law is obeyed 
makes it reasonably certain that it obtains over a wider range of 
diameter I this be so the value of critical surface intensity for 
a wire of 0.25 m. (0.635 cm.) diameter is 48.8 kilovolts per cm., 
nd for 1 cm diameter, 45.4 kilovolts per cm. Hence the value 
^critical intensity is still varying considerably for wires in the 

law sh ° f N ° n 4/ ° B ' & S ‘ Such a ^ and re^ar 

stytt dPreVe i^ Uf r e USe ° f SUCh artificial suggestions 
stren2h tr ir & , neighborhood of a wire has a greater electric 

SitT! k 3 a dlstance - and th at the thickness of this so- 
called layer becomes constant above a certain diameter. " 

he relation which has been described above will only obtain 
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for fixed conditions of pressure, and temperature. The laws 
covering the variation of the critical intensity with temperature 
and pressure are apparently within easy reach. It is also to be 
noted however that in actual transmission lines a loss begins at 
values considerably below those corresponding to formula (1). 
There are other disturbing factors which are not so readily 
located but which apparently all take their rise in conditions 
which affect the value of the surface potential gradient of the 
conductor. Thus dirt, or any other irregularities, and as shown 
later in this paper, the stranding of a conductor will lower the 
critical surface intensity. ' Moisture content of the air has no 
influence. The state of the air as regards the amount of free 
ionization present has been suggested as an important factor. 
Ionization means conductivity and there is a certain amount 
present at all times in the atmosphere. This amount however is 
extremely small. It has. been estimated that the number of 
ions present is about 1000 per cubic centimeter of air. The 
charge on each one of these ions is about 4.6 XlO” 10 c. g. s. 
electrostatic units, or 1.5 X10” 20 electromagnetic units. Under 
the influence of ionizations of this amount the most sensitive 
electroscopes require an extremely long time, say of the order 
of several days, to lose their charge. The variation from time 
to time and place to place, in the amount of this free ionization 
is very small, say from 1 to 4 or 6 times. The amount of ioniza¬ 
tion caused by the corona is incomparably greater in amount. 
The air becomes extremely conducting and the electroscope 
loses its charge within a second or two. It follows therefore 
that if the presence of a greater or less quantity of ionization 
in the air has any influence on the point at which corona sets in, 
a foregoing presence of corona should materially affect the voltage 
at which corona begins again. For example, let us suppose that 
the voltage on a clean round wire is raised gradually and carried 
above the corona voltage and then gradually lowered. If the 
presence of a large amount of ionization lowers the critical voltage 
then as the voltage on the wire is lowered the corona should 
continue down to a value lower than that at which it started. 
This is not the case however; the corona ceases at exactly the 
same voltage at which it begins. Further it has been shown 
by the author that for a voltage well above that at which corona 
appears the corona is periodic and begins and ends on the voltage 
wave at approximately the same value. It is readily possible 
to obtain extraneous sources of ionization and in order to secure 
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direct evidence as to the influence of the amount of ionization 
in the atmosphere the following simple experiment was per¬ 
formed : A clean copper wire 0.156 cm. in diameter was stretched 
at the axis of a cylinder 17.5 cm. in diameter, the cylinder being 
constructed from coarse wire screen with a mesh about one 
centimeter square. A large X-ray tube enclosed in a light-tight 
box was set up immediately adjoining this apparatus. When 
in operation the X-rays ionized the entire region in the 
neighborhood. A rough laboratory electroscope placed on the 
far side of the cylinder lost its charge quite rapidly. The voltage 
at which the visible corona appears on the wire is absolutely 
independent of the state of the X-ray tube. The visible corona 
under these circumstances can be read to an accuracy of J per 
cent or even closer, and the above experiment was carried out 
by several observers. The only claim based on experiment 
that such an influence of ionization exists is that of Ryan 2 de¬ 
scribed in his recent A. I. E. E. paper. In this experiment the 
central one of three parallel wires in one plane was connected 
to a static induction machine. The alternating voltage corona 
appeared on the outer wires at a lower voltage when the central 
wire was discharging than when it was not excited. Ryan’s 
conclusion is that the central discharging wire furnishes a supply 
of ions which enable the outer wires to discharge at a lower value 
of voltage. It is obvious as pointed out by the writer in dis¬ 
cussing the paper that the presence of the central wire raises 
(or lowers) the value of the absolute potential of the outer wires 
above that indicated by the voltage between them. This 
higher potential causes the normal critical surface gradient 

corresponding to the size of the outer wire to be reached at a 
lower voltage. 

All the facts and phenomena so far observed indicate that the 
state of the air as regards ionization has no influence on the 
value of critical surface intensity. So far as the writer is aware 
ere is no expenmental evidence in support of the contrary 
contention. It is quite possible that the presence of con- 
lderable amounts of ionization may cause a small loss before 
^e principal and far greater loss due to the presence of corona 
sets m. Such a loss would be due to the actual conductivity due 
t°. P resence of the ions. This conductivity as already 

Sntv' JTth Xtrem / y SmaU - In the Pr6Sent State of 
tamty as to t he conditions controlling the critical voltage and 

2. H. J. Ryan, transactions A. I. E. E„ 1911, XXX, I, p. i. - 
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the variation of the loss it appears unwise to confuse the problem 
by the introduction of the ionization theory. This theory 
has been pushed to extreme lengths and used in the vaguest 
manner to explain discrepancies and unrecognized phenomena. 
Its basic principles are undoubtedly correct and it has been a 
most valuable instrument in the hands of physicists. Corona 
formation is undoubtedly due to secondary ionization, or ioniza¬ 
tion by collision, but it is of doubtful wisdom to discuss the ulti¬ 
mate nature of these phenomena when the simple laws they follow 
have not yet been definitely fixed. To the engineer these laws 
are more important than their explanation in terms of deeper- 
lying and often invisible phenomena. The language of the 
ionization theory is therefore in this paper confined to a dis¬ 
cussion at the end. 

Effect of Stranding the Conductor 
It is quite obvious that if the surface intensity is the determin¬ 
ing factor in the voltage at which the corona appears on a given 
conductor, a stranded conductor should have a critical voltage 
lower than .that of a solid conductor of a diameter equal to that of 
a circle tangent to the strand. The influence of stranding has 
been studied by Mershorri and his results are contrary to the 
above conclusion. In fact, he states that under certain cir¬ 
cumstances the stranding of a conductor may actually have the 
effect of raising the critical voltage above that of a solid wire of 
diameter equal to the overall diameter of the cable. Jona 4 
has given an expression due to Levi-Civita from which the 
value of the maximum surface electric intensity for cables 
of various numbers of strands may be computed. This ex¬ 
pression involves a hypergeometrical series whose evaluation 
requires some labor. Jona gives a solution for the particular 
case of six strands in the outer layer. This solution states that 
the maximum surface intensity occurring in a cable having six 
strands uniformly spaced in the outer layer is 1.23 times that 
corresponding to a solid wire having the same cross section. The 
expression of Levi-Civita makes no allowance for the spiral of a 
cable. The spiral undoubtedly has the effect of lowering the 
intensity on the outer portions of the strand. Further it is 
much more important to refer the behavior of a stranded con¬ 
ductor to its outside diameter since in many cases the interior 

3. Mershon, Transactions A. I. E. E., 1908, XXVII, II, p. 886. 

4. Jona, Trans . InU Elect. Congress , St. Louis 1904, Vol. II, p. 550. 
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of such conductors is made up of a material different from that of 
the strand. 

An investigation was therefore made of the critical voltage of 
a number of cables of stranding ranging from three to nine con¬ 
ductors uniformly filling the outer layer. The interior space of 
these conductors was filled with a single wire, or several wires of 
suitable size, but in each conductor the wires of the outer layer 
were all of the same size, 0.162 cm. diameter. The cables were 
subjected to no special treatment for cleaning or making their 
surfaces smooth other than to run over them with a piece of 
crocus cloth in order to remove any points or other imperfec¬ 
tions on the round surface of the strands. For the sizes three, 
four and five strands the experiments were performed by means 
of the electroscope method of Fig. 1. Beyond these sizes the 
critical voltage was too high for the insulation of that apparatus 
and resort was had to the visible corona as indication of critical 
voltage. In the smaller sizes mentioned the visible corona and 
electroscope leak were contemporaneous. For the five and six 
strand conductors the outer cylinder was of woven wire made 
carefully circular by wooden forms and of diameter 17.13 cm. 
For the largest sizes the outer cylinder was of 12 in. tin pipe 
about five feet long. Owing to the want of rigidity of this pipe 
its diameter as affecting the value of critical surface intensity 
could not be determined accurately. Comparisons of the values 
m the different cylinders were readily obtained however with 
solid wires and the critical voltage was extremely sharply marked 
by means of the visible corona and also by the sound of the dis- 
charge. The corona was observed through a narrow slit cut in 
the side of the pipe, the latter being maintained at ground po¬ 
tential. By either of these methods it was possible to repeat the 
readings of the cntical voltage to an accuracy well within one 
per cent A summary of the observations is given in Table II 
Tins table gives the diameter over all and for comparison the 
behavior of a single wire having the same over-all diameter. 

e values of cntical kilovolts are the product of the observed 
nmary vo tage and the ratio of transformation. Up to 30 
kdovoits the transformer described in the earlier paper was used 
tor hgher values a 10-tv. 100.000-volt tranLLeT and a 
had *» >* employed. A comparison be- 
“ re *t rds wa ™ fom > obtained by osoillo- 

STsTi In r S ,°” th ' S * me emtobtotor excited from 

each source. In the last column of Table II the diameters of the 
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round conductor which would discharge at the same voltage as 
the stranded conductor are given. At the foot of the table there 
are given the results of observations on conductors of three and 


TABLE II 

INFLUENCE OF STRANDING ON CRITICAL VOLTAGE 


Number of 
strands 
in outer 
layer 

Diameter 

each 

strand 

cm. 

Diameter 
over all 
cm. 

Diameter 

outer 

cylinder 

cm. 

Critical 

volts 

Diameter 
of equivalent 
round 
conductor 

3 

0.162 

0.349 

9.52 

18,300 


3 

0.162 

0.349 

9.52 

18,350 

0.247 

1 

0.349 

0.349 

9.52 

21,540 


4 

0.162 

0.404 

9.52 

20,750 

0.32 

1 

0.404 

0.404 

9.52 

24,250 


5 

0.162 

0.45 

9.52 

22,425 

0.373 

1 , 

0.45 

0.45 

9.52 

24,375 


5 

0.162 

0.45 

17.13 

26,250 

0.37 

1 

0.45 

0.45 

17.13 

29,050 


6 

0.162 

0.49 

17.13 

28,100 

0.42 

1 

0.49 

0.49 

17.13 

30,550 


7 

0.162 

I 

0.541 

29.2 

32,880 

0.465 

1 

0.541 

0.541 

29.2 

38,600 

1 

8 

0.162 

0.589 

29.2 

35,000 

0.516 

1 

0.589 

0.589 

29.2 

40,500 


9 

0.162 

0.64 

29.2 

36,900 

0.567 

1 

0.64 

0.64 

29.2 

42,500 


3 

0.157 

0.336 

9.52 

16,675 

0.205 

4 

0.157 

0.378 

9.52 

18,500 

0.25 


four strands in which there was no spiral and having approxi¬ 
mately the same size of strand as that on the others. These 
were made up from carefully cleaned and polished wires with the 
aid of a fine blow flame for soldering. 
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The results are presented in somewhat different form in 
Table III. The columns A, B and C give the diameter of the 
cable over all, the diameter of a solid conductor of equal section, 
and the diameter of a solid round conductor having a critical 
voltage equal to that of the stranded conductor. The ratios of 
C to B and C to A and the pitch of the spiral, both actual and 
in terms of the corresponding diameter, are given in the re¬ 
maining columns. The results of Table III arc plotted in the 
curves of Fig. 3. The upper curve showing the variation of the 
ratio C to B with the number of strands shows that the critical 

TABLE III 

COMPARISON OP STRANDED WITH REFERENCE 


Number 

of 

strands 
in outer 
layer 

1 

Diameter 
over all 
cm. 

I 

Diameter 
of con¬ 
ductor of 
equal 
section 

Diameter 
of con¬ 
ductor with 
ecjual 
critical 
volts 

(A) 

—-- 

(£) 

(O 

3 

0.349 

0.272 

0.247 

4 

0.404 

0.332 

^ 0,32 

5 

0.45 

0.381 

0.37 

6 

0.49 

0.430 

0.42 

7 

0.541 

0.48 

0.405 

8 

0.589 

0.53 

0.516 

9 

0.64 

0.581 

0.567 

3 

0.336 

0.27 

0.207 

4 

0.378 

0.312 

0.25 


cm, DUm* 
•tars 


0.708 S 81 10,9 

0,792 3,49 8.0 

0,822 4,44 9,9 

0.807 6,02 ^ 12.3 

0.808 0,00 13,3 

0.877 0,35 10,8 

0.880 8.HS j 10.a 


0.707 0.810 


relation to tw n f C0 ^ uctor has an approximately constant 
when th. h K f mr ° havin « the «un« cross section 

The relatioThtiLt° tlf ° D ^ ° Uter la y cr is five, 

me relation is that the diameter of a solid wire with the same 

critical voltage is about 97 per cent that of the w7r l: vbr lie 

ss r ncr sthec s ie - Por *-2 

caSi 4h1 17 18 Percentage value Sh<win « that 

voltajes 8 ^ C ° r0na at ver ^ ««** lower 

The curve showing the relation between the ratio C to .<4 and 
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the number of strands is a very much more convenient indication, 
however, of the behavior of the stranded conductor. This refers 
the behavior of the cable to its own outside diameter, and the 
curve shows, for different numbers of strands, the fraction of 
this outside diameter which as a solid conductor would discharge 
at the same voltage as the cable. It is seen that with a seven- 
strand cable, i.e., with six strands on the outer layer, the critical 
voltage is that corresponding to a solid wire of diameter 0.85 
that of the outside diameter of the cable. With nine strands on 
the outer layer the relation is still less than 0.90. 

In a stranded conductor the strands are always spiralled. 



Fig. 3.—Critical voltage of stranded conductors referred to 
diameters over all and of equal section 

The pitch of the spirals of the cables described above is given 
in Table III. The spiral arrangement of the strands tends to 
lessen the value of the electric intensity on the outer surfaces 
since the equipotential surfaces are rendered more nearly 
cylindrical about the axis of the cable. At the bottom of 
Table III are given the results of observations on three- and four- 
strand cables in which there is no spiral. The results indicate 
-the further lowering of the critical voltage when spiralling Is 
absent. The ratio C to A falls from 0.71 to 0.61 for the three- 
strand cable, and the difference for the four-strand is somewhat 
greater. The pitch of the spirals investigated does not appear 
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to follow any regular rule. This irregularity however does not 
appear to have any corresponding effect on the points of curves 
of Fig. 3. From this it may be concluded that for a pitch of 
spiral less than 12 diameters there is no gain on the ground of 
lessened surface intensity due to a more uniform distribution 
of the electric field. 

The presence of the spiral prevents an exact comparison be¬ 
tween the values of surface intensity as calculated from Levi- 
Civita’s expression and those observed here. The critical sur¬ 
face intensity for a 0.162-cm. wire is 66,500 volts per centimeter; 
the critical intensity for a 0.4285-cm. wire which is equal in 
cross section to a cable made up of seven wires 0.162 cm. in 
diameter, is 52,240. According to Jona and Levi-Civita the 
maximum intensity on this seven-strand cable is 1.23X52,240 
= 66,050 which corresponds to a primary voltage of 113.9, but 
this cable actually discharges at 112.7, at which voltage the 
maximum intensity using the same relation is 65,300; but it is 
impossible to say whether this lowering is due to the presence 
of the neighboring strands or to the fact that the 0.162-cm. 
wire may discharge at a different intensity when made up into 
a cable than when it stands alone. We can, however, say that 
this 0.162-cm. wire does form the corona when made up into a 
cable at a lower intensity than that at which it will form around 
the wire alone. 

A comparison between the actual intensity as calculated by 
Levi-Civita and that at which corona starts can only be had by 
the use of cables without spirals. As already indicated the solu¬ 
tion of Levi-Civita’s expression has only been given for the six 
strand conductor which is impossible to make up without a spiral. 
At this writing the author has been unable to obtain the solutions 
of Levi-Civita’s expression as applied to cables having three and 
four strands. When these are obtained, however, they will 
permit from the foregoing results a comparison between the 
maximum corona intensity for a single round wire and that 
obtaining at the surface of the same wire when made up into 
a three or four-strand cable without spiral. 

Influence of Frequency and Wave Form 

By use of a cathode ray oscillograph in the high-voltaee circuit 
R f a» m 1M4 showed that the appearance of cZa 
compamed by a hump or peak on the charging current wave in 
the neighborhood of the maximum of the voltage wave. The 
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writer by stroboscopic methods has shown that the corona is 
periodic, appearing every half cycle, and that its first appearance 
with increasing voltage coincides accurately with the maximum 
of the voltage wave. Also the duration of the corona may be 
reduced with lessening voltage to a very small fraction of the 
period of the alternating voltage. Thus a corona which was 
found to exist for only 1/20 of a period at the crest of the voltage 
wave of a 60-cycle circuit was plainly visible in a darkened room. 
It is evident therefore that the interval of time involved in 
corona formation and cessation is extremely short. For these 
reasons it has been supposed that the appearance of corona 
depends only on the maximum value of voltage occurring in the 
cycle and is therefore independent of the frequency. Experi¬ 
ence with existing lines indicates that if there is an influence of 
frequency it is small for the range between 25 and 60 cycles. 
The closeness with which the critical voltage may be read by the 
methods used in this work gave promise of discovery of any 
small differences due to a variation of frequency. Several 
series of observations were therefore made with diff erent sizes of 
solid round conductor. The method of observation was that 
of the visible corona and the sound accompanying its start. 
The range from 15 to 90 cycles was obtained from two generators 
and the voltage from a 10-kw., 25-cycle, 100,000-volt trans¬ 
former. The transformer had also a low voltage secondary coil. 
The method of procedure was to raise the voltage gradually for 
each value of the frequency and with room darkened to observe 
the wire through a narrow slit in the wall of the outer cylinder. 
As soon as the corona appeared the voltage was read from a 
voltmeter connected to the terminals of the low-voltage secondary 
coil of the transformer. It was found that the sound accom¬ 
panying the corona was quite as reliable as the visible corona as 
an indication of the critical voltage. The results of three sets 
of observations taken on different days are given in Table IV. 
An inspection of the readings will show that the voltage could be 
determined to a close degree of accuracy. Indeed the limiting 
condition of accuracy when the wires are carefully straightened 
and polished is found to lie in the constancy of the voltage of the 
circuit rather than in the sharpness with which the corona begins. 
These excellent conditions for observations are somewhat 
impaired at the lowest frequencies where the flicker of the corona 
is perceptible and where the low pitch of the sound of discharge 
renders it difficult to distinguish it from other sounds. The 
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W6r ? 6XCited fr0m St ° rage batteries and ^0 load other 
_ ,., th transformer was on the generator, so that the circuit 
conditions were very constant. 

The results of Table IV are plotted directly in Ffe. 4 wh ; ch 
shows therefore, the variation of the voltage on the low tension 
secondary wmdmg when the frequency is varied from l^to 92 
cycles per second for wires 0.343, 0.635 and 0.716 cm. in diameter 


INFLUENCE OF 


TABLE IV 


; 0.635 cm. diam. 

j pressure 755 mm. 

j temp. 14.4°-16° C 

0.716 cm. diam 

Frequency 

Test coil 

volts 

Frequency 

Test coil 
volts 

Frequency 1 

Test coil 
volts 

Frequency 

Test coil 
volts 

; 19.6 49 

| 54 

48.7 

17.5 

50.7 

63 

50.7 

21.6 48,7 

j 55 

48.8 

18.7 

51.2 

69 

49.8 

21.7 48 

58.5 48.7 

20.5 

51.2 

74 

49 

25.5 48.7 

60 

48.5 

20.5 

! 51.2 

80 

48.3 

27.2 48.5 

63.7 

47.2 

22 

51.5 

87 

47.2 

j 29.7 48 

69 

i 46.2 

25.5 

51.6 

92 

46.6 

J 31 j 48.5 

73.7 

45.7 

27.5 

51.4 

77 

49.2 

32.5 47.1 

78.7 

44.9 

29.5 

52.5 

67 

50.1 

134 47.1 

85 

44 

37 

50.7 

61.5 

51.6 

37.5 1 46.7 

57.5 

49 

43.5 

50.4 

56 

52.4 

; 38.5 1 46.7 

45 

46.7 

48.5 

51.1 

51 

52 

! 41 J 46.7j 

49.5; 

48.1 

53 

52.4 

46 

50.3 

,'44 46.5 

45 | 

46.7 

57 

52.4 

42.5 

50.1 1 

1 45 j 46.7, 1 

j : I 

49.5! 

f 

48.1 

62.5 

50.8 

39 

50.3 < 

49.5 { 48.2 

§ 1 l 

I 

1 

59 

52.4 


j 

.■ : 


cm. diam. pressure 
752 mm. temp. 14° C. 


$ > 
h 


20 

22.5 

23.5 
32 
37 

40.5 

43.5 

48.5 
53 
53 
58 
58 


33.3 

33.3 

33.5 
33 

32.7 

32.5 
j 32.5 

I 33.2 

j 

j 34.1 

! - 
j 34.1 i 

34.1 
32.9 
32.9 } 
33.6 


59 

55 

55 

50.5 

50.5 
45 
45 
42 

38.5 

38.5 
35 
35 

32.5 


H > 


33.8 
34.1 
34.1 
33.6 j 

33.4 

32.5 : 

32.5 
32.4 
32.4 
32.4 

32.6 

32.6 

32.7 


29“he a "'' 1 ab °“ 

necessary for only a few seconds 1 ^!^ 3 ’ inteiTUptlon bein S 
were consequently no armrpn’aW . .^ e generators. There 
pressure. Iscenlg <* 

by crosses and circles respective*. 
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curves of Fig. 4 repeated itself accurately in other series of ex¬ 
periments over the same range of frequency. Since the gen¬ 
erators were rated at 5 kw., and since the transformer was oper¬ 
ating over a wide range of frequency at approximately the same 
value of vpltage, and its magnetizing current was therefore 
variable, a variation of wave form due to the armature reaction 
of the generator appeared probable. The transformer had a 
capacity of 10 kw. and was designed for 25 cycles. . In these ex¬ 
periments the maximum voltage on the primary winding was 
only one half of the rated value. The magnetizing current of the 
transformer at full voltage is 15 per cent of full load current. 



20 40 fiO 80 100 

■ CYCLES PER SECOND 

Fig. 4.—Influence of frequency on critical voltage 


It will be seen from these figures that the lagging component 
of the generator current was not unduly large. Both generators 
were designed for operating the transformer and they have 
smooth body armatures with fiat surface coils. Nevertheless it 
was realized that at the low frequencies the magnetic density in 
the field circuit of the generators varied widely from that ob¬ 
taining at the high values of frequency, and a set of oscillograms 
was carefully taken at seven different frequencies covering the 
range shown on the curve. These oscillograms were all taken 
from the low voltage secondary coil of the transformer and its 
potential was maintained constant at 50 volts. This voltage 
is about the value of the mean obtaining over the curve for the 
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0.716-cm. wire. The ratios of maximum to effective values of 
these waves were then taken from micrometer measurements of 
ordinates spaced 7.5 deg. apart over two half waves. The 
figures of these measurements may be omitted here, but in order 
to give an idea of the conditions of accuracy obtaining the 
following figures are given for two half waves measured from 
the oscillogram corresponding to 44. cycles. These two half waves 
were taken on different portions of the oscillogram. On the first 
half 20 ordinates 2 mm. apart were ruled on a dividing engine; 
the height of these successive ordinates could he measured to 0.1 
of a mm. on the same machine. The maximum ordinate was 
31.27 mm. high and the square root of the mean square of all 
the ordinates was 21.26, giving a ratio of maximum to effective 


table v 

INFLUENCE OF FREQUENCY ON WAVE FORM 


Frequency 

Ratio of maximum to effective value 


1st half wave 

2nd half wave 

Mt*n 

35 

1.462 

1.449 

1,445 

44 

1.474 

1.456 

1,465 

55 

1.404 

1.398 

1.402 i 

60 


1 .40 

1.40 

65 

1.426 

1.41 

1.418 j 

81 

1.45 



91,5 

1.466 

1.469 

1,468 | 


of 1.474. Similar measurements on another half wave gave 
1.456 as the ratio of maximum to effective value. A similar 
treatment of other waves at different frequencies gave the 
results shown in Table V. It is seen that the ratio of maximum 
to effective is a minimum somewhere between 50 and 60 cycles, 
le., the region corresponding to the peculiar hump on the curves 
of Fig. 4. 

In the curves of Fig. 5 the points indicated are obtained by 
multiplying the values in Fig, 4 by the corresponding ratio of 
maximum to effective for the voltage wave. These curves 
show a lowering of the critical voltage with increasing fre¬ 
quency. They leave something to be desired in the accurate 
location of the points upon the curves. It should be noted, 
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however, that owing to the magnification of the scale the error 
of the points falling off the curve and of those lying on the low 
frequency portion of the curves of Fig. 4 is only about 1 per cent. 
The measurement of the ratio of maximum to effective value 
from an oscillogram is subject to considerable eiror. e 
maximum at 55 cycles on the curves of Fig. 4 is brought below 
the values for lower frequencies in Fig. 5 when the correcting 
factor is introduced; and particularly the lowering at 91 cycles 
is far too great to be questioned on the score of a possible error 
of this nature. The curves therefore show with a fair accuracy 
the nature of the variation of the critical voltage with the fre¬ 
quency. This variation within the range of commercial fre- 



Pig. 5—-Influence of frequency on critical voltage 

quencies is only about 2 per cent. The lowering of the critical 
voltage at 90 cycles is about 6 per cent. The frequency was 
measured with a Hartmann & Braun vibration frequency indi¬ 
cator which had been calibrated carefully by means of a tacho¬ 
meter. A possible influence of the frequency variation on the 
readings of the Weston electrodynamometer type^ voltmeter 
was investigated by careful comparison between this instrument 
and a Kelvin multicellular electrostatic voltmeter at the various 
frequencies, and then a check by comparing theses two instru¬ 
ments with a standard direct-current; Weston voltmeter. No 
variation was found among the readings of any of the instru¬ 
ments in these several conditions. 
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The variation of the critical voltage with the frequency 
has not been noticed before. Mershon records results for 40, 
73 and 93 cycles which indicate a rise of the critical voltage with 
the frequency. It should be noted, however, that Mershon s 
definition of critical voltage is taken arbitrarily from his loss 
curves and therefore has no direct or necessary relation to the 
critical voltage as defined in these papers. Ryan worked at 
130 cycles but the description of the apparatus and conditions 
under which his experiments were made are not sufficient to 
permit a comparison between his values and those described 
here. In addition Ryan used the visible corona and did not 
make an accurate investigation of the variation of the wave form 
of alternating voltage. As a result his values, a few of which are 
indicated in Fig. 2, do not show a regularity which would permit 
differences of 5 or 6 per cent from the values of this paper to be 
detected. In a discussion given later in this paper some further 
comment on the variation of the critical intensity with the fre¬ 
quency is given. 

Influence of Pressure 

The influence of pressure on the various forms of spark dis¬ 
charge has been closely studied. Paschen’s law 5 states that the 
sparking potential for a given spark length is directly propor¬ 
tional to the pressure; his investigations cover the range of 
pressure between 10 and 75 cm.- of mercury. Carr 6 has shown 
that this linear relation extends down to pressures of a few 
millimeters if the spark lengths are not greater than one centi¬ 
meter, but does not obtain for lower pressures. Townsend 7 
has shown that the potential gradient at which secondary ioniza¬ 
tion sets in when electricity is passing through a gas is directly 
proportional to the pressure. Watson 8 investigated the spark 
length between spheres up to 15 atmospheres and found that the 
sparking potential increases with the pressure in an approxi¬ 
mately linear relation. From the general similarity between 
the corona and the brush form of the spark discharge a linear 
relation therefore between pressure and critical surface intensity, 
or the potential gradient at which corona begins, is to be ex¬ 
pected. Apparently the only study of the influence of pressure 
on the formation of the alternating corona is a single set of 

5. Paschen, Wied. Ann ., 1889, XXXVII. p. 79. 

6. Carr, Proc. Roy . Sac., 1903, LXXI, p. 374. 

7. Townsend, Phil. Mag., 1901, VI, I, p. 198. 

8. Watson. Electrician , 1909, pp. 62, 851. 
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observations by Ryan 9 on a wire 0.32 cm. in diameter placed at 
the centre of a cylinder 22.2 cm. in diameter. He observed the 
alternating voltage at which the visible corona appeared for the 
range of pressure between 45 and 90 cm. of mercury. The 
alternating frequency was 130. The resulting linear relation is 
given as between the kilovolts K actually applied and inches of 
mercury B. 2.93+0.902 5. 

A series of observations on several sizes of wire with varying 
values of pressure was therefore undertaken. Five sizes of wire 
were investigated with diameters 0.122, 0.156, 0.276, 0.340 
and 0.475 cm. The wires were carefully straightened and 
cleaned and centered accurately on the axis of the apparatus 
which has been briefly described above. The outer cylinder 
has a diameter of 9.52 cm. In the pressure experiments the 
ends were closed with ebonite caps fastened by insulating rods 
to the metal cylinder; this arrangement was necessary to with¬ 
stand the pressures above that of the atmosphere. The side 
tubes were also closed with ebonite caps and the leading-in wire 
to the disc har ge electrode passed through a column of sulphur 
supported in hard rubber. The electroscope was thus outside 
the apparatus proper. No troubles with either insulation or 
air leak were encountered with this arrangement within the 
range of pressure 30 to 108 cm. All joints were sealed with 
a mixture of beeswax and resin. The discharge electrode was 
placed inside the upper side tube and within one or two milli¬ 
meters of the grating formed by the holes drilled in the outer 
cylinder. In the earlier work it was found that a flow of air 
from the cylinder over the electrode contributed little to the 
sharpness with which the starting of the corona was indicated, 
the initial discharge of the electroscope occurring at the same 
value for both moving and stationary air. The results of a 
typical series of observations are given in Table VI. The values 
are those for a wire 0.156 cm. in diameter. It will be noted that 
at each pressure several readings of voltage were taken.^ T is 
was done by raising the voltage gradually until the initial dis¬ 
charge of the electroscope set in, then lowering, then repeating 
the process. The table also indicates that observations were 
taken over the same range of pressure for ascending and de¬ 
scending values. The column showing the critical pnmary 
volts indicates a very satisfactory constancy in the values. The 
results on the other sizes of wire show a corresponding degree of 

A. I. E. E„ 1904. XXIII, p. 101. 


9. Ryan, Transactions 
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accuracy and the readings are omitted. The degree of con¬ 
stancy, however, is indicated by the curves of Fig. 6 on which are 
plotted the results for the five sizes of wire which were studied. 
It is seen that the observations as plotted show beyond any 
question that the relation between critical voltage and air 
pressure is a linear one for each size of wire. The values of 


TABLB VI 


1 cvundIr.^ WIRK 

*’ ( ^PRESSURE 759.5 MM. TEMPERATURE IN I UBE 24 DLG. G. 


102 , 2 , 

07.5, 
91,3, 
87,2, 
83 * 

79.9, 
80,5, 
74 . 

es.u 

| 94,2* 

j 100 5, 

, 114 , 5 * 

■ 57,5* 

! 59, ft, 
01,8 
I 04 
I 00 

07,7 

09,8, 

; 71 , 6 , 


Crlt, prim, volts 
Ratio 1:125 


102 . 2 . 

97.5, 
91.3, 

87.5, 

83.2, 

HU , 
80 , 7 , 

74 * 
68 . 1 , 
94,2* 

106 * 
114.9, 
Ratio 1:260 
57,4, 
59.0, 

61.6, 

04 , 

67 J t 
70 , 
71.0, 


102.2 

97.2 

91.2 

87.8 
83.4 
80 
80 0 
74 
08.1 

94.2 

106.8 

114.8 

07.5 

50.8 
01.7 
03.8 

07.7 

00.0 

71.7 


j Manometer 

Pressure 

mm. 

Right 

Left : 

Difference 

mercury 

487.5 

587.5 

—too 

659.5 

459 

005.5 

140 

013.5 

* 427 

028.5 

201 ,5 

558 

407.5 

042 

234.5 

525 

380.5 

050 

269.5 

490 

307,6 

609.5 

302 

457.5 

371 

006.5 

295.5 

464 

340 

088.5 

348.5 

411 

313.5 

707 

393.5 

305 

430 

017 

178 

581.5 

409 

570.5 

77.5 

082 

645.5 

545.5 

0 

759.5 

545.5 

545.5 

0 

759.5 

570.5 

530.5 

4*40 

799.5 

592 

510.5 

75.5 

835 

018.5 

499.5 

119 

878.5 

041 

480 

155 

914.5 

601 

473.5 

197.5 

957 

087.5 

457 

230.5 

989.5 

710 

444 

200 

1025.5 


critical voltage are those taken at the primary terminals of hi 
transformer. This voltage is directly ptoportional to he 
corresponding value of potential gradient at the surface of the 
wire. It was shown in the earlier paper that with the trans¬ 
former used in these experiments the primary voltage was amply 
sufficient indication by means of the ratio of turns of the actual 
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voltage applied between the wire and the cylinder. It is of great 
interest to note that the slope of the line showing the relation 
between critical voltage and pressure varies with the size of wire, 
and that this slope is greater the greater the diameter of the 
wire. It should be noted, however, that the values of critical 
voltage as given in Fig. 6 have no particular significance in that 
they apply to a particular combination of wire and opposite 
conductor. A corresponding type of variation is to be expected. 


110-.Ir—- 
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PRESSURE: MM. MERCURY 

Fig . 6.— Influence of pressure on critical voltage 
however, for any. particuiar ^arrangement^ ^ ratio3 ^ 

conductor. Referring ^ 1 t0 2 50, the frequency oU 

transformation were 1 maximum to the effective value 01 

cycles, and the ratio o force of the generator at 

alternating wave of J ature was 24 deg. cent. The 

100 volts was 1.46. are readily deduced, but since, 

equations of the lines o S- particular combination of wire 
as already stated, they app y here in any further 

and outer cylinder they need not be gi 
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elaboration than to state that the equation for the 0.340-cm. 
wire is 

V= 17+0.087 p (2) 

where V is the actual observed critical primary voltage and p is 
measured in millimeters of mercury. Similar expressions apply 
for the other sizes of wire. It is necessary for the purposes of 
universal application to express the relation between the behavior 
of a wire and the pressure in terms of the critical surface intensity, 
or potential gradient at the surface corresponding to the ap¬ 
pearance of corona. The values of this critical surface intensity 
have therefore been calculated from the expression 


dr R 

r log¬ 
in which E is the maximum value of the potential difference 
between wire of radius r and outer cylinder of radius R. Ex¬ 
pressed in terms of electric intensity at which corona begins in 
kilovolts per cm. and pressure in cm. of mercury the equations 
for the five wires of diameters as given above are as follows: 
In these equations correction has been made for the slight altera¬ 
tion in wave-form, and by reduction to a common basis of values 
at 760 mm. pressure. 

Diameter of wire 


0.122 cm. 


d (kv.) 


= 16.7 +0.691 p 


0.156 cm. 


~ ^ 1^ = 14.95+0.66 p 
d r 


0.276 cm. 


d (hvQ =116 _j_o.595 p 
d r 


0.340 cm. 


1 (^ = 10.94+0.56 p 
d r 


d ( kv ~ = 9.56 +0.534 p 
d r 


0.475 cm. 


( 8 ) 
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These equations have been plotted in the lines of Fig. 7. The 
variation of the slope of the linear relation between pressure 
and critical surface intensity is still evident although it is not so 
pronounced. It is also to be noted that the variation of 
critical intensity with pressure is greater the smaller theaz 
of wire. The slope of the linear relation apparently approaches 

a minimum with increasing size of wire. _ 

If Ryan’s results quoted above for 0.317-cm. wire be e - 
pressed in the same terms used in the formulas above, the re¬ 
sulting equation is 


d (kv.) 


= 6.15+0.744 p 



600 TOO S00 
PRESSURE: MM. MERCURY 


Fig. 7.- 


-Influence of pressure on critical surface intensity 


The slope of this line is greater 3 

expressed m equations^ ^ ^ ^ ^ q{ ^ three 

wire should ca be P notice d further that the initial con- 

smaller sizes It is t considerably less than any of those 

stant term 0 + ri + ( Furtheri t he value of critical surface 

intensity at 76 cm. pressure i^cajd ^ ^h^rJ frequently 
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elaboration than to state that the equation for the 0.340-cm 
wire is 

V= 17+0.087 p (2) 


where V is the actual observed critical primary voltage and p is 
measured in millimeters of mercury. Similar expressions apply 
for the other sizes of wire. It is necessary for the purposes of 
universal application to express the relation between the behavior 
of a wire and the pressure in terms of the critical surface intensity, 
or potential gradient at the surface corresponding to the ap¬ 
pearance of corona. The values of this critical surface intensity 
have therefore been calculated from the expression 


in which E is the maximum value of the potential difference 
between wire of radius r and outer cylinder of radius R. Ex¬ 
pressed in terms of electric intensity at which corona begins in 
kilovolts per cm. and pressure in cm. of mercury the equations 
for the five wires- of diameters as given above are as follows: 
In these equations correction has been made for the slight altera- 
firvn in wave-form. and bv reduction to a common basis of values 
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These equations have been plotted in the lines of Fig- 7. The 
variation of the slope of the linear relation between pressure 
and critical surface intensity is still evident although 1 is n 
pronounced. It is also to be noted that the variation of t 
critical intensity with pressure is greater the smaller 
of wire. The slope of the linear relation apparently approaches 

a minimum with increasing size of wire. _ 

If Ryan’s results quoted above for 0.317-cm. wire be ex¬ 
pressed in the same terms used in the formulas above, the re¬ 
sulting equation is 

d (kv-I _g 1? _j_o 744 p ( Q ) 

d r 
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PlG . 7,—Influence of pressure on critical surface intensity 
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corona for indication of initial break down; some of his results 
on wires of different sizes are given as circles in Fig. 2 where 
they are seen to be very irregularly located. Aside from the 
uncertainty of the method of observation, the wave form and 
frequency may have introduced considerable error in the 
results as reported, although that due to frequency would have 
tended to a lower rather than a higher value than those ob¬ 
tained here at CO cycles. 

The variation of the linear relation between pressure and 
critical surface intensity with the size wire adds a further diffi¬ 
culty in the attempt to express in simple terms the behavior of 
any circuit as regards the safe limiting voltage. The fact that 
the critical surface intensity at any one pressure varies with the 
diameter of the wire as shown in Fig. 2 can be taken care of 
quite readily since the relation is a simple one. It is of interest 
therefore to study by inspection the constants of formulas ( 4 ) 
to ( 8 ), and see if a simple relation between them and the dia¬ 
meter can be found. These formulas are of the general type 

\y Mi?, -\~k j p (io) 

dr 

In Table VII the values of the diameter of the wire expressed in 
millimeters and the corresponding values of Ki and K*, together 
with the logarithms of these several quantities, are given. The 
relation of d and K i and d and Kt was studied by plotting the 
curves between d and K u d and log K h etc. The only obviously 
simple relation that appeared was that between log d and log K\ 
which resulted in a straight line. The equation of this stiaight 
line is 

log Kt -log 18.07 -0.41 log d ( 11 ) 

from which it may readily be deduced that the relation between 
K\ and d in centimeters is as follows: 

K^7Md~‘ Al ( 12 ) 

In Table VII a column is also given showing the values of K j 

as calculated from formula ( 12 ). 

A similar study was made of a possible relation between 
d and Kt, the slope of the line showing the relation between 
pressure and critical surface intensity. Curves were plotted as 
before between the several pairs of quantities d, Kt, log d, Kt, 
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, a straight line resulted when log d was 
etc. In this case ‘ „ ^ equation of the re- 

plotted in combination with log K* cq 

suiting line is as follows. 

log K* =9.8554-0.188 log d ( 

from which it may also be 

K% and d with d now expressed in centimeters 

K^o.md-°- m (14) 

w i ^ Of K > calculated from formula (14) are given in Table VII 

I^ow a fairly satisfactor * W a.lilt^ot otter 

The relations1IrLure variu- 
^ connecting the critical surface intone,ty 

INFLUENCE OF PR ^|,V ciVpVy P SI2B‘oF S wmK Ct> ' IMT * ll, * r ^_ 

-~"“T III I Calculated valum 


1.218 0,085 


3.408 0,532 


in kilovolts per centimeter with the diameter of the wire in 
centimeters and the pressure in centimeters of imr y. 

21 deg. cent, is 

d ( kv _) * 7.03 d~°‘ 4l +0.464 p d~°' m C 1 ®) 

d x 

This expression includes the relation given by formula (1). 
For example the critical surface intensity for ^ 
in diameter calculated from formula (1) » 

( 16 ) with p taken as 76 the value is 56.8. It would m vuy 
desirable to extend the investigation of pressure over a wider 
rTZTot sizes of wire. It is reasonably certain, however, m 
view of the consistency with which observations like tm.se 
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above may be carried out that the linear relation between 
pressure and critical intensity varies with the size of wire. 
The exponents of d in the two formulas mentioned may suffer 
some modification with further experiment, but it seems quite 
conclusive from the above relations that the relation between 
pressure variation and diameter of wire white simple in form 
will nevertheless introduce an unfortunate complication in any 
final expression which aims to give the critical corona voltage 
for any particular separation and size of parallel conductors for 
the whole range of pressure variation encountered in practice. 

Discussion 

So far as the question of the value of voltage at which corona 
will start on a given transmission line is concerned, it is probable 
that a sufficiently accurate solution will be reached sooner or 
later by means of experiments of the general character of those 
described above, supplemented by observations on existing 
lines. There is also a fair reason to suppose that a compara¬ 
tively simple law will be found. For the surface intensity for 
any arrangement and size of cylindrical conductors corresponding 
to a given voltage may be expressed in terms of these constants, 
for standard conditions of temperature and pressure. While 
as above shown the relation between pressure and critical 
voltage varies with the size wire, the law of this variation is 
simple and it may be possible to adopt a mean value of the slope 
of this linear relation which will apply with sufficient accuracy to 
the sizes of wire encountered in practice. Thus, from Fig. 7, 
it is seen that for wires in the neighborhood of | cm. in diameter 
the slopes of the lines' are approaching each other rapidly. In 
view of the results from the investigation of the influence of 
pressure it seems probable that the variation with the tempera¬ 
ture will also be of different form for different sizes of wire, 
investigations in this direction are very desirable. It may be 
recalled that in the writer's earlier paper, and in the experi¬ 
ments of Ryan, it is shown that a linear relation exists for a 
definite size of wire between temperature and critical voltage. 
The effect of stranding the conductor has been studied for only 
one size of strand as yet, but it appears a simple matter with 
some further investigation to express the effect of each of these 
influences in terms of the diameter of the conductor. 

The influence of frequency does not offer promise of expression 
as a simple relation. This influence is so small, however, within 
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the limits of frequency met in practice that it may be neglected. 

The state of the atmosphere appears to be of small importance, 
for moisture does not influence the critical voltage nor does its 
state as regards ionization, as is indicated by several considera¬ 
tions given in an earlier paragraph. Dirt and impurities which on 
settling on the wire cause irregularities of surface may lead to 
brush discharges, and if these are sufficient in number they may 
cause a noticeable loss below the normal critical voltage. It is 
this type of loss which causes the slow initial rise and gradual 
bending- in the loss curve below the critical voltage. These 
facts will probably be taken care of by a factor of safety mu ti- 
olving the calculated corona voltage and taking into account all 
of the influences which are sufficiently great to play a part 
It is of great interest to consider the results so far obtained m 
their relation to present theories of the nature of the electric 
conductivity and breakdown of a gas. Under this theory the 
neutral atoms and molecules of matter may under some cir¬ 
cumstances be separated into smaller charged particles. The 
mSta of these particles under electric force constitutes an 

1 f v pn-rrent In a gas there are always a small number of 
elecctmc curr • ± ^ number may be greatly augmented 

tvRonteen ravs, ultra-violet light, and other well-known ionizing 
tf When so ionized currents of magnitudes within easy 
agents.^ obtained between terminals subjected to a 

measuring rang ‘ j • difference of potential is increased 

difference of potential. IfU«s*f^ ^current is constant 
continuously sW s that the ions are 

over a wide range 6 formed. On further increase of 

swept out as rapidly a ? they are fonn ^ presence o£ 

potential the current were •_ The y theory state s that these 

some new source of lom ^ . r those already existing, and 

new ions are formed by the °[ tisi eleciric field, with 

moving with higher velo^y in the “^^^^non has been 
the neutral molecules of the gas- 

called ionization by collision, "have been described 

The results of the experiments 5 which theor> , 

above are for the most part consi appearance of corona 

The various circumstances SUon. 

all indicate that tt is an msta conductor of large radius, or near a 

„la (1) indicates that near a conductor^ a ^ 

plane conductor, t c “r n between plane elec^ 

32 kilovolts per cm. Secondary has been noticed 

trodes in closed vessels at atmospheric press 
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by several physicists to begin in the neighborhood of 30,000 
volts per cm. The mass of the elementary negative ion or 
electron is approximately 5.9X10“*® grams and the charge it 
carries is 4.6X10" 19 c.g.s. electrostatic units. In an electric 
field the mechanical force acting on the electron is the product 
of the charge and the strength of field. Hence by the laws of 
simple mechanics it is possible to calculate the acceleration, the 
velocity and the kinetic energy attained by an electron in moving 
a given distance under a given electric intensity. If the mean 
free path of the electron, about OX 10'* cm. at atmospheric 
pressure, be the distance between collisions it is thus easy to 
calculate the kinetic energy of the electron due to the electric 
field when it collides with a molecule. This energy is readily 
seen to be equal to p V e, where p is the mean free path, V the 
electric intensity in electrostatic units, and e the charge of the 
electron. If, now, the voltage between plane parallel electrodes 
be raised until secondary ionization begins the value of the volt¬ 
age makes it possible to calculate the energy required to ionize 
a molecule of a gas. In fact the values of the energy required to 
ionize a molecule which are now generally accepted are largely 
based on the determinations of the value of electric intensity at 
which secondary ionization begins. It has been pointed out 
above that the values of this intensity as determined by Town¬ 
send and others are in close agreement with the value 32,000 
volts per cm. indicated by equation (1) as the lowest value at 
which corona appears. To one skeptical as to the correctness of 
the electron theory, therefore, (and there are many such) all 
that may be said so far is that the phenomena of sudden in¬ 
crease of current through a gas above a certain value of electric 
intensity as observed by Townsend, and that of corona forma¬ 
tion, are probably due to the same causes. But there arc several 
other independent methods of determining the energy required 
to ionize a molecule of a gas. The values are commonly ex¬ 
pressed in tenns of the potential difference in volts through which 
the electron must pass in order to acquire energy sufficient to 
produce an ion by collision. The value pertaining to the method 
described above is from 10 to 12 volts. Rutherford from the 
relation between the heating effect of radium and the number 
of ions it produces gives the value of 24 volts. Stark and 
Langevin by independent methods conclude that the values 
axe 45 and 60 volts respectively. While the extreme values 
differ by the factor 5 or 6, it must be remembered that the actual 
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amount of energy required to produce an ion is about 5X10 
ergs so that all of these values indicate the same order of mag¬ 
nitude. Therefore when taken together they constitute a very 
strong reason for supposing the value 5X10 -11 ergs is close to 
the correct one. If this be true it is good evidence that the 
formation of the corona is actually due to the liberation of ions 
from the neutral molecules of the gas when the latter suffer 
collision from a free electron moving under the force of the elec¬ 
tric field That the electron and not a gaseous ion or aggregate 
is the active agent is shown by the shorter free paths of these 
latter which by the relation already given results m a lower value 
n kinetic energy at the time of collision than the values given 
above It is well known that since secondary ionization depends 
on^y on the velocity of the ions, and thus on the electric intensity 
it should within wide limits be independent of the number of 
ions already existing in the gas. That the electric mtensity cor¬ 
responding^to the appearance of corona is independent of the 
state of ionization of the air has been shown conclusively m an 

e£U Se generaTinfluence of a decrease in pressure or an increase 

SSSHgSHi 

ened in these two conditions ^un f ^ ^ 

between collisions the ion the velocity acquired and 

and the longer the intervalThe Lace a given 

ImounTof^niTy ^ ***** at a ^ **** * ** 

is not to be explained “ in mot ion or free to move, 

or atom there are a nu to this effect, it is evident 

and there is some indirect evide o£ dectrons 

that the forced vibrations set up m* fre - 
by an external alternating e mutual attractions within 

quency of these vibrations ca less and less strong and 

the structure of the atom ° when in co uision with an 

therefore more liable to be , ver that this effect should 
extraneous ion. It is surpnsi g, - ^ gQ cycleS; for these 

be noticeable at frequencies so low^ ^ suggested b y 

frequencies are incomparably The close relation 

theory for the vibrations withm the atom 
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between the first appearance of corona and the peak or maximum 
of the voltage wave is natural in the light of theory, for at at¬ 
mospheric pressure the mean free path of an electron is about 
6 X 10~ 3 cms. long and under a field sufficiently strong to ionize 
the gas this path is traversed in about 2X10“ 12 secs. 

Perhaps the most interesting problem in connection with the 
phenomenon of corona formation is the explanation of the 
greater values of electric intensity at which corona starts around 
smaller wires, i.e. } the upward trend of the curve of Fig. 2. Why 
should the properties of the air change with a slight alteration 
in the size of a conductor whose diameter is 50,000 times as 
great as the mean free path of the molecule? No tenable ex¬ 
planation of the curve of Fig. 2 has yet been offered. The at¬ 
traction to the surface of the conductor of oppositely charged 
ions which pile up as it were and reduce the actual gradient below 
that calculated, and at the same time increase the gas pressure, 
has been suggested in explanation. Both suppositions im¬ 
mediately include an influence on the value of corona voltage of 
the amount of ionization present in the gas, and this as already 
noticed is contrary to observation. Simple calculation also 
will show that the charge sufficient to materially reduce the 
gradient at the surface of a conductor at corona potential would 
require a number of ions far in excess of the numbers commonly 
present in the atmosphere. The writer, using a sensitive optical 
method, could find no indication of an increase of pressure at 
the surface of the conductor. It appears probable that the 
explanation of the higher values for smaller wires will be found 
in the lesser surface of these smaller conductors. Secondary 
ionization probably begins with the collisions of a few electrons 
which have free paths longer than the average. With de¬ 
creasing area of the conductor the number of neighboring elec¬ 
trons whose free paths exceed a certain length and at the same 
time are subject to the maximum electric intensity will be de¬ 
creased, and consequently the corona forming the electric in¬ 
tensity must be higher. 

Results and Conclusions 

1. The relation between critical surface intensity, Le., the 
intensity at which corona starts, and the diameter of a clean 
round conductor may be expressed by the simple law £ = 32 
+ 13.4d” 0 * 5 , E being the surface intensity in kilovolts per cm. 
and d the diameter of conductor in cm. 
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THE LAW OF CORONA AND THE DIELECTRIC 
STRENGTH OF AIR 

BY F. W. PEEK, JR. 


I. Summary 

For several years an extensive investigation of the dielectric 
strength of air, and more particularly, of the law of corona, has 
been carried on by the Consulting Department of the General 
Electric Company, under the general supervision of Dr. C. P. 
Steinmetz. The facilities were practically unlimited in regard 



Corona, standard line A, No. 3/0 cable, 

310 cm. spacing, 230,000 volts 

to power, apparatus, instruments and their standardisation, and 
rouble' engineering shilb Thanhs for 2 

Tl “1“ Hayto r B Hendri W.' K . Page, L. T 

Robinson,A. /chloss, W. 1 Slichter, C. W. Stone and 

T. B. Taylor. . t . 

The investigation gives the followmg results: 
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1. In alternating-current transmission lines at very high volt¬ 
ages a loss occurs by dissipation of power into the air. This is 
accompanied by luminosity of the ail sunounditig the line 
conductor -the so-called corona. 

Loss begins at some critical voltage, which depends on the size 
and spacing of line conductors, etc., and increases very rapidly 
above this voltage. Fig. 1 shows a typical curve of corona loss. 

The extended investigation on an experimental transmission 
line shows that the corona loss in fair weather can be ex¬ 
pressed by the equation 

p = af («-Co) 4 W 

where /> = loss, in kilowatts per kilometer length of single line 
conductor, 

e ~ effective value of the voltage between the line con¬ 
ductors and neutral in kilovolts,* 

/=frequency, 

and a is given by the equation 


where r™the. radius of conductor in cm. 

s = the distance between conductor and return conductor 

in cm. 

gm the density of the air, referred to the density at 
25 deg. cent, and 76 cm. barometer as unity, 
jfe* a constant. 

«o * the effective disruptive critical voltage to neutral, anil 
is given by the equation 


e 0 ”W 0 go6 rlog € y kv. to neutral 


where go is the disruptive gradient of air in kilovolts per cm. at 
25 deg. cent, and 76 cm. barometer, and is constant for all sizes 
of wires, frequencies, etc. If the effective value of go is taken, 

e 0 is given in effective kilo volts. __ _____ ..._______ 

•Hence, in single-phase circuits, e is one-half the voltage between con¬ 
ductors. In three-phase circuits « is --- times the voltage between 


conductors. 
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From our investigations it follows that 

go = 29.8 kv. per cm. (maximum) 

go = 21.1 kv. per cm. (effective) 

m 0 is a constant depending on the surface condition of the 
conductors, and 

mo = 1 for perfectly smooth polished wires. 
mo = 0.98 to 0.93 for roughened or weathered wires, and 
decreases to 


LINE A CONDUCTORS 1-2-3-4 


OCT. 6, 19t0 
TEST NO. 36 
CONDUCTOR LENGTH 


109500 CM. 
310 

■7 STRAND CABLE. D1AM. 1.18 


kilovolts between lines 
Pjq_ —Corona loss characteristic curves-. 

wo = 0.87 to 0.83 for 7-strand cables (where the radius is 
aq the outer radius of the cable). 

2. Luminosity of the air surrounding the line conductors oe* 
not begin at the disruptive critical voltage <?o, but g 

voltage ev, the visual critical voltage. « w : res 

The visual critical voltage ev is much higher o _ j 
than the disruptive critical voltage, e 0 ; it is a so g 

wire, but to a lesser extent. should occur below the 

While theoretically no lose of pow* ^irregularities of the 
visual voltage, ev, some loss does occur, due 
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wire surface, dirt, etc* Thus, for the line voltage, c, near the 
critical voltage, c 0 , the corona loss is greater than given by 
equation (1) for large wires, and smaller for small wires, as 
shown by curves, Pigs. 2 and 3. 

The curves as drawn are calculated from equation (1); the 
points shown by circles arc the measured experimental values. 

At the low values of corona loss two effects occur, which 
cause this deviation of the loss from the quadratic' law, equation 
Cl), and which affect the loss in opposite directions: 



a. The loss of power does not begin at the voltage 6* 0 , at which 
the disruptive gradient is reached at the conductor surface, 
but only after the disruptive strength of air has been exceeded 
over a finite and appreciable distance from the conductor, that 
is, at a higher voltage e*. As the convergcney of the lines of 
dielectric force is great at the surface of small conductors, a 
considerable increase of the voltage is required to extend the 
disruptive gradient to some distance from the conductor, and 
ev is considerably higher than e Q . Therefore the decrease of loss 
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below that given by equation (1) is appreciable with small 
conductors within the range between e 0 and e», as seen in tog. ■ 
With large conductors, however, the lesser convergency of the 
lines of dielectric force at the conductor surface requires a lesser 
voltage increase beyond e 0 , to extend the disruptive gradient for 
some distance from the conductor, and e„ and e, are therefor 
closer together, and this decrease of the loss below the theoretical 
value given by equation (1) is not appreciable. 

h As the conductor surface can never be perfect, soi 



kilovolts between lines 
Pig. 3. Corona loss 


of power occurs at and below the disruptive critical voltage . • 
isolated points of the conductor, where irregularities ch the 
surface, scratches, spots of mud or dirt, etc., give a highu I - 
tential gradient than that corresponding to the curvature of the 
conductor surface. With small conductors this loss * * ^ Y 
appreciable, since the curvature of the conductor su laee * of 
the same magnitude as that of its irregularities. It becomes 
appreciable however for larger conductors, as seen m tog.J- 
This excess of the loss beyond that given by the quadratic law, 
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equation (1), essentially depends on the conductor surface, and 
is larger, the rougher or dirtier the surface is. It is a maximum 
at the disruptive critical voltage eo, and decreases above and 
below 6q. It is with fair accuracy represented by the probability 
curve: 

p\ — q e~ h (Ad 

where g is a coefficient depending on the number of spots, and 
h is a coefficient depending on the size of spots. 

Snow, sleet and rain losses seem to be of the same nature, but 
frequently of far greater magnitude. 

The visual critical voltage, ev, is derived from the disruptive 
gradient, go, by the equation 

ev — niv go 5 r ^1+ ^ ~ ^ v * neutra ^ 

where ws = — 1 to 0.93 for wires. 

= (0.72 local corona all along conductor; ) for seven- 
mv 1 0.82 decided corona all along conductor, i strand cables 
If go (maximum) is used, ev is obtained in maximum kilovolts. 
From ( 1 ), ( 2 ) and ( 3 ) then follows the complete expression 
of the corona loss in fair weather, at voltages above the visual 
critical voltage, ev, 


P = 


k 

d 


f 



e — go mor5log e 



10 -5 kw. per km. of (6) 
single conductor 


where e = effective kilovolts to neutral. 
k = 344. 

go = 21.1 kv. per cm. (effective). 

. , 3.92 b 

5 = air density factor = _ 273-H 

5 = 1 at 25 deg. cent, and 76 cm. barometric pressure. 

6 = barometric pressure, cm. 
t = temperature, deg. cent. 

r — radius of conductor, cm. 

5 = distance between centers of conductors, cm. 

/= frequency, c ycles per second. _ 

♦Note:—T he visual critical point for wires is very sharp and definite, 
While for cables it is not so well defined. 
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m o = irregularity factor. 

Wo = 1 for polished wires. 

= 0.98 — 0.93 for roughened or weathered wires. 
= 0.87 — 0.83 for seven-strand cable. 


The corona loss is 

a. Proportional to the frequency /.* 

b. Proportional to the square of the excess voltage above the 
disruptive critical voltage, e Q . 

c. Proportional to the square root of the conductor radius r, 
and inversely proportional to the square root of the conductor 
distance. 

The disruptive critical voltage, Co, is that voltage at which 
the disruptive voltage gradient of the air is reached at the* 
conductor surface. Hence, it is: 

a. Proportional to the conductor radius, r, and the log* 


b. Proportional to the air density. 

c. Depending somewhat on the condition of the conductor 
surface as represented by m. 

3. The effects of various atmospheric conditions and storms 
on the critical voltage and loss are as follows: 

Humidity or 41 vapor products ” have no effect on either the 

critical voltage or the loss. 

Smoke lowers the critical voltage and increases the loss. 
Heavy wind has no effect on the loss or critical voltage at 

ordinary commercial frequencies. 

The weather conditions that really count practica y ai.u 
which must be seriously considered in the design of transnnssion 

lines are as follows: _ 

Foz lowers the critical voltage and increases the loss. 

Sleet on the wires, or falling sleet, lowers the critical voltage 
and increases the loss. High voltages do not entirely eliminate 

sleet formation. . , , 

Ram storms lower the critical voltage and increase theloss. 

Snow storms lower the critical voltage and incrose the lots. 

The effect of snow is greater than that of arc. o 

“SSVhows the loss during fair weather, and a corresponding 
loss during a snow storm. ______—--— 

value at continuous impressed voltage. 
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Tin* excess loss during sleet, rain or snow storms, over the 
fair weather loss, seems with increasing voltage to approach a 
maximum and then to decrease again (the latter at values vciy 
far above the disruptive critical voltage), and the curves ol 
rxeens loss seem to have the general shape of probability curves, 
as is to be expected theoretically. 

t. The following problem is given in order to show the method 
of applying the results to an actual transmission line. 



KXAMPX-E 

(liven a line three-phase 00 cycles. 

Length 100 miles. 

Spacing “ 10 leet. 

Conductor — No. 0 cable, diainetet 

in. 

Maximum temperature— 100 deg. iahr. 

Elevation —1,000 it. 

Required 

(a) Disruptive critical voltage. 

(h) Visual critical voltage. 

(c) Loss (fair weather). 

(d) Loss (during snow storm) assuming r 0 « HO per cent 

of fair weather 
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Solution 

Reducing to metric units 
Length . =161 km. 

Spacing =305 cm. 

Conductor radius =0.478 cm. 

Maximum temperature =38 deg. cent. 
Elevation being 317 m. 

Barometer corresponding = 73.4 cm. 

(a) Disruptive critical voltage. 

From formula (3) 

e 0 = mogo5 rlog e -j 

Wo = 0.87 value for seven-strand cables 
go = 21.1 kilovolts per cm. (effective). 


_ 3.92 b 
° 273-H 


3.92X73.4 
~ 273+38 


= 0.929 


r = 0.478 cm. 
log e y = 6.46 

Evaluating 

c 0 = 52.7 kilovolts to neutral 

Therefore the disruptive critical voltage between conduc¬ 
tors =52.7 X Vs = 91.3. 

(b) Visual critical voltage. 

From formula (5) 

i'v = niv go b r ^ 14 — ~j -- ) l°Se ~ ~ 


Evaluating 

(-,, = 71.1 kv. for decided corona, 
et = 02.5 kv. for local corona. 

Therefore, visual critical voltage between wires 

= e»X V3. 

= 125 kv. for decided corona. 

108 kv. for local corona. 

(,:) Power loss (fair weather). 
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From formula (61. 

/. i f V - r • c .I'd «/# r h lojje — !’ *10“ 8 kw. per km. of single 

6 ' $ ‘ r conductor. 


r =•.effective kilovolts to neutral. 
k - 314. 
o = 0 . 020 . 

/=<><). 

V ~ 0.0290. 

A* 

21 . 1 . 

log e y 0.40. 

Hvaluat ing and multiplying: by three, since we have three 
conductors, we obtain 

/;-2 04 (c-52.7) 2 10~ 2 kw. per km. 


Substituting values for line volts 



Fair weuthn* 


Storm 

_ . 

brlWMIN 1 
litm 

e to 

IHMitl’itl 

P 

p total 

*/>xuu 

P 

pU)Ui\ 

«i»x 101 

mi 

51 ,9 



2.48 

400 

1 Oil 

57.7 

0.6(1 

106 

6.88 

1020 

no 

m, 4 

8, 02 

485 

11.90 

1920 

120 ! 

mi. *,! 

7.2 

IKK) 

19.20 

2090 } 

1 

i ;m 

75,1 

18.8 

2140 

28.70 

4610 

HO 

HO. 11 

21 .0 

8880 

89.50 

0860 

150 

80.0 

80.4 

4890 

52.10 

8890 

( f /) p ur approximate loss during storm consider e 0 = 

80 per cent 


- n w v R9, 7 = 42.2 kv. 


Therefore: 

£.-=2.64 (<?—42.2) 2 10~ 2 kw. per km. 


See curves, Fig. 0 
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The formulas are given below in English units for the benefit 

of those who tnav desire them in this form. . 

1. e 0) the effective disruptive critical voltage to neutral is given 

bv the equation: 


Co 


= 2.302 wo gorSlogio — 


(3a) 


2. ev, the visual critical voltage in 
obtained from the equation: 


effective lev. to neutial is 




e„ = 2.302 m* go Sr(l+-^) lo gv> r (5 ' z) 

3. fi = the total power loss due to corona in fair weather, in 
kw. per mile of single conductor: 

h= K-f V^— \ e-2.302g 0 wor51ogioy[ 10 5 ^ 

p . 5 J s' 
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In the above formulas; 
e-dTeetive kilovolts to neutral. 


fc' = 552. 

tju" oHJi kv. per in. (effective). 


5-- air density factor = 


17.91 i 
459+/ 


5 1 at 77 deg', fahr. and 29.92 in. barometric pressure. 

6 barometric pressure in inches. 

/ temperature, deg. fahr. 

r radius of conductor, inches. 

$distance between centers of conductors, inches, 
/•-frequency, cycles per second. 


»» 



hi# = irregularity factor. 
nia-- l for polished wires. 

= 0.98 to 0.98 for roughened or weathered wires. 

* 0.87 to 0.88 for seven-strand cables. 
mv~m ii for wires. 

\ 10.72 loeal corona all along cable; ) for seven-strand 

m " 10.82 decided corona all along cable, ) cables. 

If Ko niaxinmm is used, «• is obtained in maximum kilovolts. 

II. Links, Apparatus and Method of Test 
The Lines. The conductors used in the investigations were 
supported by metal towers arranged in two parallel lines of 
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two spans each. The length of each span was approximately 
150 m. These tower lines will be designated by .4 and 3 
respectively. The conductors were strung in a horizontal plane 
with seven disk suspension insulators at each point of support. 
For pr eliminar y tests four No. 3/0 B. & S. (1.18 cm. diameters 
seven-strand hard-drawn copper cables were put in place on 
each line.. A seven-strand steel ground cable was also strung. 
(See Fig. 6). After a number of tests had been made the ground 
cables were removed from line A. The conductors on line .4, 
however, were kept in place as a standard throughout all the 
investigations. The conductors and ground cables were re¬ 
moved from B, and the first span of this line was used to support 
various sizes of conductors at various spaces (see Fig. 7). 




«lh- iv V- 

j / \1/ "\,;5 


ij y 



j LINE A STANDARD LINE 
3= .455"01AM. 7 STR. CABLE 

22 LINE B VARIABLE LINE 


Y 1Gm 7 .—Corona loss—Final line arrangement 

The lines were erected in a large field. The prevailing winds 
were from the west over open country, that is, free from smoke 
from the city and the factory on the east. Figs. 8 and^ 
show the towers, and Fig. 10 shows one link of the insulators 

US< Test Apparatus. A railroad track was run directly under the 
line, and^the testing apparatus was housed m.three. box 
This Droved a verv convenient arrangement, as the cars could 

2T-V^ OT repa “ s 

ne powe7was received in substation car No. 1 at^550 volts, 40 
cycles, and changed to direct current by a converter. This 
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l urn was used to supply a direct.-current motoi, belted to a 
bugle-phase alternator. This last was an old Ihomson- 
lioust on machine with a smooth core pan-cake winding on the 
armature; it gave a very good wave, and was used in all tests. 
See oscillogram and analyzed wave, Fig. 11. It was rated at 
;i:> kw„ but. this rating was quite conservative. 

Tlu> high-voltage transformer and the testing apparatus were 
placed in car No. 2. The portion of the ear roof over the trans- 



Fu;, 8 . - intermediate transmission towers 


former was made of heavy canvas. This could bo rolled back, 
and the leads from the line dropped directly to the translormer 
terminals. By means of a framework and canvas cover the 
transformer could be protected from the weather, and mvesUga- 

... . ... ,u. Tli/i simnl V. 


tions carried on during rain and snow storms. The power supply, 
speed and voltage, were all controlled at the test table in cat 

* 5 . • « i , .j. ... ,1 A TTAfVi T Hi C 


speeu auu — -— . . 

Nu, 2. In fact all of the adjustments could be made fiom tins 


car (see Pigs. 12 and 13). The transformer was rated at 100 lew. 
*200.000 volts and (50 cycles. On the low side were four •>()()-volt 
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coils. These coils could be connected in multiple or series for 
change of ratio. The high-tension winding was opened at the 
neutral and taps were brought out for the ammeter, and current 
coil of the wattmeter. Three taps were also brought out here 



p IG> 9 ,—Experimental transmission line, looking east 


from the main winding for voltage measurement. See Fig. 13. 
The following tap ratios were thus obtained—100/200,000; 
200/200,000 and 400/200,000. 

The transformer was specially designed for this work by Mr. 



Fm. 10.—25,000-volt link strain insulator 


A. B. Hendricks, Jr., from experience gained in previous tests.* 
Car No. 3 served as a dark room for making photographs, 
and visual tests on short wires and cables. Fig. 13o shows the 
framework used for s upporting conductors in the visual tests. 

*See Transactions A. I. E. E., 1911, XXX, I, p. 167. 
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Methods of Test. Accurate power measurements of corona are 
very difficult to make, because of the nature of the load—low 
power factor and high voltage. It is not desirable to make the 
measurements on the low side because of the difficulty in separ¬ 
ating t.lu 1 transformer iron and load losses, and these may be 



Pl«, 11 («).—Line A conductors 1,2, <1, 4 191 kv. 

sometimes as large as the corona losses. In these tests the cm- 
rent coil of the wattmeter, and the ammeter, were put in the high 
tension winding of the transformer at the. neutral point, and the 
neutral was grounded. See Fig. Kb The voltage coil of the 
wattmeter was connected to a few turns of the high tension 



winding at the neutral * Voltage was also read in this manner. 
Another method of voltage measurement was also tried as a 
check, namely, by using the above turns as a separate winding. 
The results obtained by the two methods cheeked very well. 

'“"♦See paper by A^'b. Hendricks. Jr., Transactions A. I. lb lb, 1911 
XXX, I, p. 167, 
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loss measurements were also duplicated on the low side 
1 check. Frequency was held at the test table by means of 
^-mnotor field and a vibrating reed type of frequency meter. 
t-Stage was controlled in two ways-by the potentiometer 
^^od and by rheostats in the alternator field. By the po- 



Fig. 12.—Cars Nos. 1, 2 and 3 


-r-vfciometer method is meant a series resistance on the low side 
15 the transformer for vo lt »ge control and a multiple resrstance 
"Los, the transformer, taking about three to five fames theexcitrng 
LSrSnt, to prevent wav, distortion., When the leadrng current 
^ vaS very high a reactance was arranged to shunt t e genera o 



Fig. 12 (a).—Interior of car No. 2 


and approximately unity power factor could be held T 
prevented overloading the generator and reduced wave shape 
distortion. For a set of tests at a given frequacy ’to e> rafao of 
-the main transformer was kept the same. Wherclossesat 
several frequencies were to be compared the mam transforme 
ratio also was changed to keep the flux on the generator as near y 
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constant as possible—for instance at 45 cycles a ratio of 
500 200,000 would be used, while at 00 cycles a ratio of 1,000 
to 200,000 would be used. Wattmeters with scales especially 
adapted to the tests were constructed. These were of the. 
dynamometer type; they were each provided with a 75-volt and 



150- volt tap. The voltmeter coil ratio on the transformer, ami 
the wattmeter tap were always changed to give the best reading. 
Four wattmeters were used in these tests. The meters were all 
carefully calibrated in the laboratory at unity power factor and 
at 0.10 leading power factor, at both 25 and 00 cycles. See 
Fig. 14 for the meter scales, 


HOTANY 

s 

c 

/ 


MOTOR ALTERNATOR i U) 



FREQUENCY M 

=CZ) 



CAR XI 


Piu, Hi. Arrangement and connections of apparatus used in corona tests 


Humidity, temperature, and barometric pressures, as well as 
general weather observations, were taken during each test. 

HI. The Quadratic Law 
Table I is a typical data sheet for Line A . 
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Fig. 13 (a) 

^r r 'T^py 


180 446 

10 WATT? 150 V. COIL. 5 WATTS 75 V. COIL 




194 962 

30 WATTS 150 V. COIL. 15 WATTS 75 V. COIL 


4 J 


217 558 

75 WATTS 150 V. PLUG. 37.5 WATTS 75 V. COIL 




Vs 




211 477 

3 WATTS 150 V. COIL. 1.5 WATTS 75 V. COIL 


Fig. 14,—Wattmeter scales 
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tablb « 
experimental LINK. 

Line on 


4 J'-u; 


Low side 
Total readings 


Volts 

Amperes 

395 

16.5 

435 

17.9 

490 

20.5 

535 

22.6 

590 

24.7 

635 

27.1 

680 

29.2 

735 

31.6 

780 

33.4 

812 

35.3 

830* 

36.3 

862 

37.5 

893 

39.2 

| 914 

40.5 

; 975 

43.9 

1020 

47.8 

1050 

49.3 

1 1080 

52.7 

1 1125 

| 

55.5 

400 

8 1.14 

500 

1.37 

600 

1.63 

718 

1.87 

812 

2.05 

! 905 

2.29 

1015 

2.69 

1095 

| 3.25 


i 

i 


Kilowatts j 

_ ( 

Kih »v»'4* 

0.40 ; 

SO 5 

0.60 | 

m 5 

0.70 | 

lot ♦» 

0.86 

m i 

1 .00 

\ v.in.-i 

! 

1.10 

\ 130 2 

1 

1.40 

| 1:w • 

1.80 

1 150 O 

i 

2.40 

' 159 0 

j 

3.30 

j 1H3 h 

3.60 

| 169 

5.12 

j l "6 0 

6.35 

“ i M3 ;* 

i 

7.50 

5 1M7.0 

11.40 

j 200 0 

14.50 

i 300 o 

1,7.00 

\ 2H 2 

19.50 

) 220 2 

22.80 

| 223 \ 

| Line 

nil 

0.40 

HO O 

0.62 

100 5 

0.S2 

| 121.5 

1. LS 

! S 43 .. 

l 

1 .45 

i H*t <i 

i 

1.80 

t H1 O 

2.20 

202.2 

3.64 

217.0 


\Uk\x -wir 
T 7.0 iradiuKs 

A?r;^rir'- ’ Kilowatts 


0 077 

) 

o to 

O OH7 


n i;t 

o lol 

4 

o 17 

M 1 I 3 


n 22 

O 1 10 


0 2M 

0 133 


O 35 

O Ho 


0 13 

0 1 kiM 


0 OK 

O 160 


1 10 

0 It's 


1 HO 

0 IS! 


2 10 

O loo 


:i t»o 

n 100 


3,70 

O 70 V 


6 00 

O 277 


6 30 

O 743 

* 

12 no 

IJ. 253 


H 60 

O 76 V 


17,60 

O 7H3 

1 

30.30 

O 003 

1 

1 

0.033 

o 007 

i 

0 10 

O OO.M 

I 

0 13 

0 oto 

i 

0 31 

O 011 

i 

o 3 s 

o. old 

i 

0 35 

0 015 

$ 

0 H 

0 017 

i 

0 33 


Weather 

Cloudy—rain in morning. Barometer 75 cm. ‘Trmpcndtire, wrt 
cent. 

Line and cmmcetmnM* 

(1 and 3)—(2 and 4) Ground wires in place. 

Total conductor length.... >, 

Spacing. •■••••; -*... 

No. 3/0 seven-strand cable—diameter.... 

Transformer ratio. 

Frequency.. .. -..* * 


to dry, Ctt.nl,, dry 1- dr 


l rin. 
.tin * m, 
Ids run 
, mon 200,000 
did r y*/lr**, 
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Fig. 1 shows the characteristic corona curves. The corrected 
values for Table I are recorded in Table II. 

TABLE II 
CORONA LOSS 

OBSERVED VALUES CORRECTED FROM TABLE i 


Kilowatts ; 
line loss ' Kilovolt- 

p ! amperes 


5.SO 
7.33 
9.55 
11.55 

13.40 

16.40 
18.80 

22.10 
25.00 
27.60 

28.40 
31.20 
33.90 

36.10 

42.40 
47.50 
50.70 

55.10 


The shape of the curve between kilovolts and kilowatts sug- 
The sh p that the losses above 

SUr? £ JfXZ a quadratic iaw. Belo« the: hn« 

. a the curve deviates from the quadratic lav . 

We will confine ourselves m this section to the mam p 
the curve expressed by 

p = c 2 

where 

£>=the line loss. 

e= kilovolts to neutral. . i • measured in 

e 0 is called the disruptive critical voltage, an 

kilovolts to neutral. b conside red later. 

The meaning of e a ana c wm 


Kilovolts 

between 

lines 

e' 

Line 

amperes 

Kilovolts 

to 

neutral 

e 

80.5 

0.072 | 

40.2 

90.5 

0.081 

45.2 

101.6 

0.094 

50.8 

111.1 

0.104 

55.5 

120.4 

0.111 

60.2 

130.2 

0.126 

65.1 

139.2 

0.135 

69.6 

150.0 

0.147 

75.0 

159.0 

0.157 

79.5 

165.8 

0.166 

82.9 

169.0 

0.168 

84.5 

176.6 

0.177 

88.3 

183.2 

0.185 

91.6 

187.0 

0.193 

93.5 

200.0 

0.212 

100.0 

209.0 

0.227 

104.5 

214.2 

0.237 

107.1 

220.2 

0.250 

| 110.1 
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fill I) 

Let, us now sec the best mechanism of evaluation of constants 
for a given set of tests. We may write (1) 

'J p = c (e-i’a) 

then, if the quadratic law holds, the curve between the square 
root of p, and e, will be a straight line. e 0 will be the point 
where the line cuts the e axis, and c will be the slope of the line 
(see Fig, 15). <?„ and c might lie evaluated graphically in this 



Pig. 15. -Corona loss -method of reducing 


way, but it is difficult to know how to draw the line accurately 
and give each point the proper weight. Tp do this we will use 
the 2 A method* and proceed as follows: 

The values of e and the Vp for the set of readings to be in¬ 
vestigated are first tabulated and a curve plotted (Pig. 15). 
All points that differ greatly from the straight line are 
eliminated as probably in error or, as at the lower part of the 
curve, following a different law. Then taking the remaining 

•See “ Engineering Mathematics’' „, Steinmetz, page 232. 
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readings and forming two groups, each of an equal number of 
readings, we have: 

Group 1 Si e Si ^ p 

Group 2 S 2 e S 2 ^ p 

Then __ _ _ 

&Se = 2ie-2 s e AS V^> = Si V^>— -4 p 

SSe=2i«+2j« S S V £ = 2, V^+S« Vp 



A S 'Ip 
A S e 


S S 'Ip 
S Se- - 7 - 



where n is the number of points used. 
Thus Co and c are determined, 
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TABLE III 
CORONA LOSS 

METHOD OF REDUCING (1 (MJ-10) 


( 

nits between ; 

! 

Kilovolts to 

Kilowatt,, loss ! 

lines e* 

neutral f 

! 

" ! 

120.4 

00.2 

0.11 | 

I ItO, 2 

05.1 | 

0.15 | 

1110,2 

00.6 | 

0.22 | 

150,0 

7.5.0 j 

0.40 j 

150.0 

70,, 

0,79 

105 S 

82.9 

; »■« 

100,0 

84,5 

| a.«M j 

170.0 

88.8 

set | 

183 2 

91 .0 

4.28 

187.0 

93,5 

5.65 

200.0 

*00.0 

8.78 J 

200.0 

104.5 

12.02 j 

214.2 

107.1 

18,99 j 

220 2 

110, 1 

10,94 1 


<p 


0 , 

332 

0 

388 

0 

470 

0 

082 

0 

889 

1 

192 

1 

428 

1 

792 

«> 

069 

2 

856 

2 

. 968 

3 

467 

3 

,740 

4 

.116 


Total conductor length. 

Spacing.•. 

No. It/0 acven-Htrand cable 


diameter 


109.500 rtij, 
IUO nil, 

US IW, 



Si <f *1121.7 Xi Lp* \\,:m 

4 -72.1 
« ( / *144.2 

Table III shows the method of reducing. The curve, Fig. U>, 
is drawn from the equation p — 0.01 If) (e —72.1)*. 1 he circles 

show the experimental values, and where the losses deviate from 

the quadratic law. 
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TABLE IV 

CALCULATED VALUES FOR FIG. 16 
p=*c2 (e - *o) 2 
p= 0.0115 (e - 72.1)* 


Kilovolts between lines | 

Kilovolts to neutral 
e 

Kilowatts 
p = c - (e - tfo) 2 

l 

i 

71.2 

0.0 

\ 150.0 

75.0 

0.10 

1 

I 159.0 

79.5 

0.63 

165. S 

S2.9 ; 

1.34 



1.77 

169.0 1 

S4.5 


176.6 

88.3 

3.02 

1S3.2 

91.6 

4.17 

1S7.0 

93.5 

5.08 

200.0 

100.0 

9.03 

I 209.0 

104.5 

12.10 

214.2 

107.1 

14.10 

1 220.2 

110.1 

16.70 



Fig . 17.—Corona loss-Method of reducing 


Table V gives a similar set of data for a small wire. The 

results are plotted in Figs. 17 and 18. reduced in 

All data taken under various conditions were ft 
this way and tabulated as in Table VI (a). (&)> ( )• 
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TAMI.K V 
CORUNA UlSS 
. , METHOD UK RKin 1 ! im; 


KiUtVult:* lift wmi ( KtltiVulH tu Urtllv, 


K» 1 h’J 


Tolu! uomluctor length. 
Hpuemg, 

No 


so. H il. D. copper wire.tliuuuttar. 


$ 

. “viT 

<? 

100.0 

3.08 

80.2 

96.8 

2.93 

77.6 

95.3 

2.87 

68.0 

90.3 

2.65 

00,0 

85.0 

2.46 

88.0 

407.4 

13.99 

*373.7 


a. ‘2? 
a. ir» 

1,73 
1.43 
2.58 
10.10 


A X e**m.7 
A2 3.80 

3,80 


70 0 

85 0 

o 08 

so il 

10 0 

0 0* 

91.2 j 

45 li 

li 80 

101 3 

50,0 

0,85 

110,0 j 

55 0 

! ,48 

120.0 ] 

00 0 

2 08 

180.0 

66,0 

2 VI 

HI.5 

70,7 

3 51 

70.0 j 

85 U : 

0.00 

HO. 0 | 

40 0 | 

I 0.10 

90.5 

45,2 

0.80 

101 3 

50.0 

0,90 

109.9 | 

54 9 

1 43 

152.0 

I 70 0 \ 

4 45 

100,4 

80,2 j 

9. 17 

170 0 

85,0 

0 06 

180,0 

90.8 ' 

T .M 

190.0 

95,3 | 

S. 80 

200.0 

100 0 1 

9,52 

193.0 

90,8 

x oo 

170.0 

HH 0 

turn 

155.0 

77,5 

4.00 

130.0 

08,0 

3,01 


V V f ^KU \ 


V |» - 


n.i 5 


H4.il 


at i; 


Hi 


*24.0 


« 0.0400 


e® w0*00X64 p « 0.00104 (<r 24,OH 
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UNE B ONE SPAN 

8 COPPER WIRE H. D. DtAM. 392 CM. 

. SPACING 153 CM ' 

jrOTAL CONDUCTOR LENGTH 29 050 * ‘ 

0 EXPERIMENTAL POINTS 

_CURVE FROM EMPIRICAL EQUATION 

p ~.00164 (e-24.C>- 
e Q - DISRUPTIVE CRITICAL VOLTAGE 

VISUAL CRITICAL VOLTAGE CORRECTED 
TO SAME TEMP. AND BAR. PRESSURE 

as eo 

TEST NO . 135 




70 90 110 

35 15 55 

KILOVOLTS 


150 BETWEEN LINES 
'5 TO NEUTRAL 


Fig. 18—Corona loss 



KILOVOLTS 


Fig. 19.—Corona loss 
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Fig. 21.—Corona loss 



50 60 TO 80 90 v 100 110 

KILOVOLTS v TO NEUTRAL 

Fig. 22. —Corona loss 
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To further investigate the law it is now necessary to determine 
the various factors affecting e 0 and c 2 . These will be taken up 
under separate headings. The loss near the critical point will 
then be discussed. _ 

In Fig. 19 the V p and e are plotted. This is an especially 
interesting curve on account of its range. The measurements 
are taken up to approximately 20 times the disruptive critical 
voltage, and show how well the quadratic law holds. Figs. 20 to 
25 are plotted in the same way to illustrate the quadratic law. 


IV. Frequency 

To determine the way that frequency enters into the power 
equation 

p^c 2 (e - eo ) 2 


a series of loss curves were taken at various frequencies between 
47 and 115 cycles. Points taken from the volt-watt curves are 
tabulated below in Table VII and VIII and plotted in Figs. 
26 and 27. 

TABLE VII 

LINE A. CONDUCTORS 2-3. TOTAL LENGTH 54,750 cm. 


210 | 

200 

190 1 

ISO kilovolts between lines 

/ 


| 

Kilowatts l! 

i 

loss j 

i 


47 

4.9 

3.2 

2.0 

1.30 

60 

5.1 

3.7 

2.6 

1.6 

70 

6.1 

4.3 

2.S 

1.70 

80 

6.9 

5.0 

3.4 

1.9 




3.6 

2.1 'j 

; 90 

7.5 

5.6 

3.8 

2.6 

100 

8.0 

5.6 

3.70 

2.4 

115 

i 

9.3 

7.1 

5.0 

3.4 


LINE A. 

TABLE VIII 

CONDUCTORS 1-2-3-4. TOTAL LENGTH 109,500 cm. 

210 

- 200 

190 

180 kilovolts between lines 



Kilowatts 

Loss 


50 

9.24 

6.30 

3.80 

2.20 

60 

10*50 

7.30 

4.65 

2.65 

70 

12.1 

8.60 

5.50 

3.20 

80 

14.0 

10.20 

6.80 

3.95 
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For a given 
the zero point. 


voltage the points lie on a straight line through 
That is, the loss seems to vary directly with the 




frequency. The data are further investigated and reduced by the 
2 A method. The results are tabulated below in Tables IX 
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TABLE IX 

LINE A. CONDUCTORS 2-3 


f 

to 

c- 

Total 

c‘i/f = a 

47 

72 

0.00292 

6.00X10-5 

60 

70.2 

0.00408 

6.80 

80 

) 

71.5 

0.00600 

7.50 

'90 

73.2 

0.006S4 

7.60 

100 

72.2 

0.0072 

7.20 



1 Average, 

7.10 


TOTAL LENGTH 54,750 cm. 


TABLE X 

LINE A. CONDUCTORS 1-2-3-4. TOTAL LENGTH 109,500 cm. 


/ 

eo 

** 

Total 
c-/f = a 

50 

69.3 

0.0094 

18.80X10" 

60 

70.0 

0.0115 

19.10 

70 

70.5 

1 0.0140 

1 20.60 

i . SO 

69.5 

0.0151 

j IS.SO 

90 

j 6S.2 

| 0.0177 

! 19.60 


1 

I Average, 

j 19.40 


The values of c 2 // should be constant if the loss varies directly 
as the frequency. The tables show c 2 // constant within the 
limits of experimental error. 

Care was taken to keep the wave shape as nearly constant as 
possible in these tests. Variations in eo and c- are accounted 
for by wave shape changes. For instance a slight progressive 
change in the wave shape would change the slope c of the line 
between 'ip and e. This would cause a variation in both e 0 
and c 2 . 

The reduced values of c 2 are plotted with frequency in curves 
28 and 29. The points lie on a straight line passing through 
the zero point. The tabulated values show that e 0 is independent 
of the frequency. The power equation may now be written. 

p=af(e-e 0 ) 2 

that is, at a given sine wave voltage the loss per cycle is constant 
for a given conductor at a given spacing. 
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The fact that the curves pass through the zero point does not 
necessarily mean that there is no loss at zero frequency or con¬ 
tinuous impressed voltage. What takes place is probably this: 
when excessive continuous voltages are applied to a conduc¬ 



tor, the air is broken down and a transfer of energy which appears 
as corona takes place. Now if the conditions wen* constant, 
such as still air, constant temperature, and no electrostatic 
repulsion, there would be no further loss than the first energy 



rush. However, as this overstrained air is probably driven 
away and replaced by fresh, air, which is in turn broken down, 
there is actually a povfer loss with continuous voltage. Hence 
the above frequency relations do not contradict the observed 
fact of corona loss with direct current. If observations could 






1911] 


PEEK: LAW OF CORONA 


1925 


be made at very low frequencies, or continuous impressed voltage, 
the curve would probably be obtained as shown in Fig. 30. 

V. Relation Between c 2 /f=a and s/r. 

The power equation may now be written: 

p = af (e-e 0 ) 2 

where a = c 2 /f is a factor that has not to this point been in¬ 
vestigated. 

In Table XI are values of c 2 /f for various sizes of wire and 
cable and various spacings. Upon investigation it is found that 
a varies greatly with the radius of the conductor and the spacing. 
Plotting s/r and a a curve is obtained that suggests a hyperbola. 



FREQUENCY 

Fig. 30.—Corona loss 


Where r = the radius of the conductor in cm., 5 = distance be¬ 
tween conductor centers. The curve between log € a and log e s/r 
is a straight line. Therefore the following relation between a 
and s/r is established: 

a=c 2 /f=k {s/rY 

The constants k and d are calculated by the S A method in 
Table XII, and 

a = r V/= 3.70 (r/s )-™X 10~ 8 (2) 

These calculations are merely preliminary. 
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The fair weather value of a for standard line A 1-2-3-4 may 
now be examined in Table XIII. 

It is seen that these values are not exactly constant, but ap¬ 
parently vary with the temperature and barometric pressure. 
1/5 in Table XIII is explained in section XI. It is sufficient 
here to call it the air density correction factor; it is unity at 

TABLE XI 

__(EXPERIMENTAL VALUES FROM TABLE VI) 


Relation between c 2 /f=a and s/r 


Tests 

No. 

Diam. 

cm. 

s 

r 

j cV/X lOio 

— a X10 10 

Style of 
conductor 

Material j 

95 

0.168 

6550 

4.68 

Wire 

Gal. iron 

92 

0.168 

4880 

4.28 

« 

« 

86 

0.168 

3700 

5.44 

« 

« 

13S 

0.328 

2980 

5.52 

> 

Copper j 

94 

0.168 

2730 

6.84 

'« 

Gal. iron [ 

137 

0.328 

2230 

6.52 

« 

Copper 

91 

0.168 

1820 

8.44 

“ 

Gal. iron 

128 

0.518 

1530 

6.87 

• 

Copper | 

136 

: 

0.328 

1490 

8.56 

« 

« 

82 

0.585 

1480 

8.56 

Cable 

Gal. iron 

135 

0.328 

1120 

9.52 

Wire 

Copper 

94a 

0.16S 

1090 

10.56 

• 

Gal. iron 

77 

| 0.585 

1060 

9.08 

Cable 

■ 

79 

0.585 

770 

9.52 

« 

U 

134 

0.328 

740 

12.88 

Wire 

Copper 

126 

0.518 

700 

11.44 

« 

« 

18 

1.181 

525 

15.80 

Cable 


; 80 

0.585 

520 

13.08 

« 

Gal; iron 

125 

0.518 

350 

17.88 

Wire 

Copper 

73 

0.585 

310 

16.96 

Cable 

Gal. iron j 

100 

0.953 

193 

26.40 

U 

« 


25 deg. cent, and 76 cm. barometer, a and 8 in curve Fig. 
31 suggest that a varies as 1/5. Multiplying by 1/5 then 
reduces a to the standard temperature of 25 deg. cent, and 
76 cm. barometric pressure. The constants for equation 
(2) were determined from values of a corresponding to various 
temperatures and barometric pressures. In order to properly 
evaluate the constants it is now necessary to reduce all a valuer 
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TABLE XII 


s 

RELATION OF — to a. Si REDUCTION 
r 


Test 
No. | 

J 

Diam. | 
cm. j 

s 

r 

/ C 2 10 
(t x1 ° ) 

per cm. 

— ax 10 l0 

j 

log,- 

r 

iog,(y X 10 1 " j 

j 

j 

! Kind 
of 

cond. 

Material 

92 j 

0.168 

4880 

4.28 

8.492 

1.454 

1 

i Wire 

Gal. iron 

86 | 

0.168 | 

3700 

5.44 

8.215 

1.694 

! « 

“ 

138 j 

0.328 

2980 

5.52 

8.000| 

1.70S 

• 

Copper 

137 

0.328 

2230 

6.52 j 

7.709 

1.S75 1 

i 

i * 

- 

136 

0.328 

1490 

8.56 j 

7.306 

2.147 j 


- 

82 

0.585 

1480 

8.56 

7.299 

2.147 

| 

Cable 

Gal. iron 

135 

0.328 

1120 

9.52 

i 7.020 

i 

2.253 

Wire 

Copper 

94a 

0.16S 

1090 

10.56 

6.993 

2.357 


Gal. iron 

134 

0.328 

740 

12.88 

6.607 

2.556 

• 

Copper 

126 

0.518 

700 

11.44 

6.551 

2.437 

« 

■ 

18 

1.181 

525 

15.80 

6.263 

2.760 

Cable 

- 

SO 

0.585 

520 

' 13.08 

6.254 

2.575 

- 

Gal. iron 

125 

0.51S 

350 

17.88 

5.858 

2.884 

Wire 

Copper 

73 

0.585 

310 

16.96 

5.736 

2.831 

i 

Cable 

Gal. iron 


s 

S log, — = 54.04 2 log, (cV/ X 10 1 ") = 13.284 


5 

2 log, — = 44.26 2 log, (c*// X 1C 1 ") = 18.400 

r 

A 2 log, — = 9.78 A 2 log, (c*//X 10»») =-5.116 


2 2 log — =9S.30 2 2 log, (cV/XlO 1 ") =31.67 


A 2 log, (c-/f X10 10 ) 
d - -=-0.523 

A 2 log,— 
r 


2 2 log, (c-/f X10 10 ) -d 2 2 log, — 

c' =-- =5.91 

n 

-0.523 log, — = log, (c 2 // X 10 l °) - 5.91 
r 


/ r \ 0.523 

Wf) =3.70 


xio- 8 
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to a standard value of temperature and barometric pressure. 
In Table XIV all values of a are corrected to 25 deg. cent, and 
76 cm. barometer, and the constants recalculated by the -2 A 
method in Table XV. 

TABLE XIII 

RELATION OF a TO — FOR MAIN EXPERIMENTAL LINES 
3 


(STANDARD LINE A) 
Line A 1-2-3-4 


Test 

No. 

(c 2 //) X10 1C 
per cm. 

3 

1 

! d 

18 

15.80 

0.982 

1.020 

36 

17.56 

0.966 

1.037 j 

37 

15.80 

0.959 

1.043 

84 

15.80 

0.933 

1.074 

101 

15.88 

0.925 

1.081 

103 

16.24 

0.901 

1.112 

104 

14.92 

0.878 

1.138 

105 

14.84 

0.866 

1.158 

109 

14.48 

0.928 

1.078 

119 

16.56 

0.888 

1.127 


TABLE XIV* 


a s 

— and — 
3 r 





C 2 

— X10i° 

4x 10 l °) 

c 2 10i° 

Corr. 

factor 

c 2 10i° 

1 /*N ry mmmmam V — 

5 

log e — 
r 

Style 

of 

i csl 

No. 

jjiam. 

cm. 

s/r 

/ 9 

log- — A- ! 

/ 9 

ductor 

i 

95 

0.168 

6550 

4.68 

5.00 

0.936 

1.609 

8.787 

Wire 

92 

0.168 

4880 

4.28 

4.60 

0.932 

1.526 

8.492 

“ 

86 

0.16S 

3700 

5.44 

5.8G 

0.930 

1.75S 

8.215 


138 

0.328 

2980 

5.52 

6.04 * 

0.913 

1.798 

8.000 

« 

137 

0.328 

2230 

6.52 

7.16 

0.913 

1.968 

7.709 

« 

77 

0.585 

1060 

9.08 

9.76 

0.932 

2.278 

6.966 

Cable 

126 

0.518 

700 

11.44 

12.72 

0.898 

2.543 j 

6.551 

Wire 

18 

1.181 

525 

15.80 

16. OS 

0.982 

2.777 

6.263 

Cable 

80 

0.585 

520 

13.08 

14.00 

1 0.932 
| 

2.639 

6.254 


125 

1 0.518 

350 

17.88 

19.88 

| 0.898 

2.989 

5.858 

Wire 

73 

0.585 

310 

16.96 

18.20 

! 0.932 

j 

2.901 

5.736 

Cable 

100 

0.953 

193 

26.40 

28.52 

j 0.925 

3.341 

5.263 
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Fig. 31.—Corona loss 


TABLE XV 

5 

s A REDUCTION OF RELATION OF c 2 // TO — 
c*/f CORRECTED TO 25 DEG. CENT.—76 CM. BAROMETRIC PRESSURE 


i Test 
| No. 

( 10“ \ 
log e l(c*/f)X— ) 

s 

log,— 

r 

Test 

No. 

/ 10“ , 

>og £ («*//) X- 

V t? / 

s 

log,— 

r 

95 

1.609 

8.787 

126 | 

2.543 j 

6.551 

92 

1.526 

8.492 : 

is 

2.777 i 

: 

I 6.263 

86 

1.758 

8.215 

80 

2.639 

6.254 

! 138 

1.798 

8.000 

125 

2.9S9 

5.858 

j 137 

1.968 

7.709 

73 

2.901 

5.736 

77 

2.278 

6.966 

100 

3.341 

5.263 

| 

10.94 

48.169 


17.20 

35.925 


A S log, ( 

[wr> X 

10 l ° \ 
8 J 

s s log, I 

( Wf) X 

l'0 l ° X 

8 J 


A S log,— =12.244 
r 


- 2 log. — =84.094 


-6.26 

tan 0 -- 

12.244 

=-0.511^-0.5 


/ 10*o \ 5 

log AWJ) X ——) =-0.5 log«--+« 

10 10 / 5 \-i 

cv/x _=^-j 

c y5f = c"\/ — 10 - 1 ° 
a =fV/.. =344 X10'i° 
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This gives: 

a — 344\/ X 10~ 10 per cm. of total eond. at 25 deg. cent., 

76 cm. barometer, 

and this is the final value of the constant. 


TABLE XVI 

CALCULATION OF CURVE 32 FROM (c-L) X10«> 


=344 \/l. 


5 

~7 

1 

e 2 

— 10 10 

/ V 

250 

0.0633 

21.84 i 

500 

0.0447 

15.44 

1000 

0.0316 

10.92 

1500 

0.025S 

S.92 

2000 

0.0224 

7.72 

3000 

0.0183 

6.32 

4000 

0.0158 

5.44 

6000 

! 0.0128 

4.44 



1000 2000 3000 4000 5000 6000 7000 

s 


r 

Fig. 32.—Corona loss 


Curve 32 is plotted from the points calculated in Table XVI 
while the circles show the actual experimental points. 
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Curve 33 shows a straight line relation between log e sJr and 
log a. We may now write the equation for the power loss at 
25 deg. cent, and 76 cm. barometric pressure: 

^ = 344/V / y(e-e 0 )= 10-*° 


where p = the energy loss per centimeter of total conductor in 
kilowatts. 

e = kilovolts to neutral. 

e 0 = disruptive critical kilovolts to neutral at 25 deg. cent. 

and 76 cm. barometric pressure. 

/=the frequency in cycles per second, 
r = the radius of the conductor in cm. 


s = is the distance between conductor centers in cm. 



l°'Je ( r ) 


Fig. 33.—Corona loss 


The value of e 0 varies with the radius of the conductor, r, 
and the spacing 5*, and will be discussed in section VI. 

VI. The Disruptive Critical Voltage 
The point of greatest stress for a cylindrical conductor is at 
its surface. Where s/r is large the gradient at the surface of 
the conductor may be expressed: 




where e = the voltage to neutral. 
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s -distance between conductor centers. 
r = the radius. 

Where r and s are in cm. ami r is in kilovolts, % is expressed in 
kilovolts per cm. Now if c« the disruptive critical voltage is 
taken for e we have: 

Co 

r lopx■ 
c r 


: 


TABLE XVII 

DISRUPTIVE CRITICAL VOLTAOE ORA DIE NT I 'OR WIRES, VALUES 
CORRECTED TO 75 CM. BAROMETER AND 25 DIOC CENT, 




| 


Vrf cent : 

!Vf i'i'sh 

; T<‘«t 

Spacing 

Diam. | 

g. K v ■ v m, 

V\UtaO> *!: 

v.jfiat inn 

: No. 

cm. 

mi, 1 

i 

m;u. 

!r>n» nir.ifs 

m.a, fu min, 

129 

j 122 

f 

0.051 j 

29 8 



133 

183 


29.8 



KU 

244 

! 

29.8 



! 130 

359 

\ 

i 

29.8 



132 

488 

! 

! 1 

29 8 




! 

1 

Avg-29 H 



91 

152 

0.158 

31 3 

1 


94 

229 


31 5 



92 

4 in 


1 



■ 95 

550 


35,5 






Avg.30.9 

5.8 

7 .9 

134 

122 

0.328 

38 9 



135 

183 

! 

1 



i:m 

244 

i 

29 0 



137 

355 


25 r 


i 

138 

4SH 


75 3 

! 





Av K “27 2 

V.o 

I 

| 17 7 

125 

91.4 

0.518 

95.7 

1 j 

i 

125 

183 


25 5 



127 

275 


79 0 

| 1 

i j 


123 

397 


75.9 

! | 





Avg -- 29,9 

5.7 

9 i 

122 

91.4 

0.927 

78.7 



123 

183 


30 l ! 



* 120 

244 

1 

M0.3 



124 

275 

j 

Ml 3f 





j 

A v-g.30 I 

4,8 

7,5 




Ttiial Avg,29.0 
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‘ TABLE XVIII 

DISRUPTIVE CRITICAL VOLTAGE GRADIENT FOR CABLES. VALUES 
CORRECTED TO 76 CM. BAR. AND 25 DEG. CENT. 


Test 

No. 

Spacing 

cm. 

Diam. 

cm. 

g. Kv/cm. 
max. 

Per cent 
variation 
. from mean 

Per cent 1 
variation | 
max. to min. : 

73 

91.4 

0.585 

26.5 



I 80 

152 


24.0 



79 

244 


23.9 



! 77 

310 


23.9 



i 

; 82 

432 


25.0 



1 



Avg =24.7 

7.3 

9.S 

100 

91.4 

0.953 

25.5 



| 115 

91.4 


26.2 



116 

183 


26.0 



I 117 

275 


26.4 



118 

366' 


28.1 






Avg =26.4 

6.4 

9.3 




Line A 1-2-3-4 



IS 

310 

1.181 

25.5 



36 

a 


26.0 



37 



25.3 



84 

• 


25.S 



101 

u 


26.5 



103 

* 


26.1 



104 



25.7 



105 

« 


26.0 



; 109 

• 


25. S 



: ii9 

« 


25.1 



119 

■ 


26.0 






Avg =25.8 

2.7 

5.3 


■ 


Total Avg. 25.7 

5.5 

8.1 


go then is the stress at the conductor surface corresponding to 
e o, and will be called the disruptive gradient , to distinguish it from 
the visual gradient g v . Values of go for wires and cables taken 
under a great variety of conditions are given in Tables XVII 
and XVIII. These values are corrected to standard tempera¬ 
ture and pressure as explained in section XL 

If we examine the values of e 0 for standard line A (1.8 cm. 
7-strand cable) we find that the average value of go is 25.8 kv. 
per cm. maximum. For cables between 0.583 cm. and 1.18 cm. 


1934 


PEEK: LAW OF CORONA 


[June 29 


in diameter and various spacings, the average value of g {) is 
25.6 kv. per cm. maximum, or, in other words, go is constant 
for all sizes of cables, at all spacings, and is 25.6 kv. per cm. maxi¬ 
mum, In determining the value g 0 for seven-strand cables r 
was taken for convenience as the outside radius. Hence the 
above go is not the actual go as obtained for wires, but is an 
apparent g 0 . The actual go would be obtained by taking some 
mean radius r 2 between the outside radius r , and the radius to the 
point of contact of the outside strands n. r 2 approaches r in 
value as the number of strands are increased. 

The values of go for wires varying in diameter from 0.0508 cm. 
to 0.928 cm., and for spacings from 90 to 600 cm. are constant 
within the limits of experimental error. The mean value is: 

go = 29 kv. per cm. at 25 deg. cent and 76 cm. barometric pressure 



Fig. 34 

Considerable variation should be expected in g 0 values due to: 

1. Necessarily imperfect conductors, kinks, etc., in an out¬ 
door line of this length. 

2. Progressive change in the value of successive points on a 
given curve due to slight changes of wave shape, etc., as the 
voltage is increased, and the apparent shift of e 0 . 

The close agreement of g 0 for wires is for the above reasons 
remarkable. 

Discrepancies due to progressive change were not to be expected 
for standard line A to any great extent as the conductor spacing 
was always the same, and test conditions were kept as nearly 
constant as possible. 

Prom the above, then, go is constant for all diameters of con - 
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a tors and all spacings. This immediately suggests that go 
is "the actual rupturing gradient of air. More will be said of 
"tliis in Section IX. Also 

go cables 

--.- =m 0 

go wires 

Where m 0 is a fraction which approaches unity as the irregularity 
of :fche surface is reduced, or number of strands increased. This 
factor is further discussed in Section X. 

Then 

e 0 = S m 0 go r log € (5) 

(See curve Fig. 34). 

The loss equation may now be written 

j - 2 

^ = | e-8mg 0 rlog e y^ (6) 

w^lnere p expresses the loss above the visual Critical voltage 
The loss at the lower part of the curve will now be consid¬ 
ered. 

VII. Losses Near the Disruptive Critical Voltage — e 0 
If the conductors could be made perfect no loss would occur 
t>elow the visual critical voltage. However, at low values of 
corona, two effects occur, which cause a deviation of the loss 
from the quadratic law, equation (1), and which affect the loss in 
opposite directions: 

cl. The loss of power does not begin at the voltage eo, at which 
fire disruptive gradient is reached at the conductor surface, but 
only after the disruptive strength of air has been exceeded over a 
finite and appreciable distance X from the conductor, that is, 
n't a higher voltage e v , as fully explained in Section VIII. See 
Fig. 39. Since the convergency of the lines of dielectric force 
is great at the surface of small conductors, with such conductors 
n considerable increase of the voltage is required to extend the 
disruptive gradient to some distance from, the conductor, and 
is considerably higher than e 0 , and thereby the decrease of 
loss below that given by equation (1) is appreciable with small 
conductors within the range between e 0 and e Vl as seen in Fig. 37. 
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With large conductors, however, the lesser convergency of the 
lines of dielectric force at the conductor surface requires a lessor 
voltage increase beyond c ( > to extend the disruptive gradient to 
some distance from the conductor; r ti and e v arc therefore closer 
together, and this decrease of the loss below the theoretical value 
given by equation (1) is not appreciable. 

b. As the conductor surface can never be perfect, some loss 
of power occurs at and below the disruptive critical voltage at. 
isolated points of the conductor, where irregularities of the 
surface, scratches, spots of mud or dirt, etc., give a higher po¬ 
tential gradient than that corresponding to the curvature of the 
conductor surface. With small conductors, this loss is rarely 
appreciable, since the curvature of the conductor surface is of the 



Fro. :$r>. Corona loss near critical point 


same magnitude as that of its irregularities. It becomes ap¬ 
preciable, however, for larger conductors, as seen in Pig. h~>. This 
excess of the loss beyond that given by the quadratic law equation 
(1) essentially depends on the conductor surface, and is the larger, 
the rougher or dirtier the surface is. It is a maximum at. the 
disruptive critical voltage e ih and decreases above and below 
6o> and is with fair accuracy represented by the probability curve, 

p^ qe Me (r ey* ( 4 ) 

where q is a coefficient depending on the number of spots, and 
h is a coefficient depending upon the size of spots. 

Snow, sleet and rain losses seem to be of the same nature, but 
frequently of far greater magnitude. 
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Equation (4) is probably of no practical importance, as the 
loss is small, and q and h naturally cover a wide range of values 
depending upon the condition of the conductor surface. Ex¬ 
perimental values near e 0 are taken from Table I and tabulated 
in Table XIX, together with values calculated by the quadratic 


TABLE XIX 

LIME A 1-2-3-4. FROM TABLE I. TEST 36. = 0 .0115, =72.1 


Kilovolts 

between 

conductors 

Kw. * 
exp. 
p 0 

Kw. 

P = 

0.0115 (e-eoY 

Excess 

loss 

pi =(po - p) 

log £ ( pi X10 0 -) 

(eo - eY- 

120.4 

0.11 

— 

0.11 

2.40 

141.6 

130.2 

0.15 

- * 

0.15 

2.71 

49.0 

139.2 

0.22 

— 

0.22 

3.09 

6.2 

150 

0.40 

0.10 

0.30 

3.40 

00 

Oi 

159 

0.79 

0.63 

0.16 

2.77 

54.7 

165. S 

1.42 

1.34 

0.08 

2.10 

117.0 


law. Corresponding experimental and calculated values are 
subtracted and also tabulated. 

Fig. 35 is plotted to a large scale to show the excess loss near 
Cq. This is for large conductors, eo and e v are near together, and 



Fig. 36. Corona loss. Method of reducing loss near critical point 

the effect of ( b ) predominates. In order to see if equation ( 4 ) 
holds, write 

log € Pi=log e q — h (e 0 -e) 2 

Then the curve between log e p 1 and ( e Q -e ) 2 should be a straight 
line. This is shown in Fig. 36, • 
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Values of q and h are of the following order for line A: 

Test No. q per cm. total conductor h 

30 3.19X10- 6 -0.0220 

105 2.47 “ —0.0208 

103 2.74 “ -0.0304 


Fig. 37 is plotted from values for a small smooth conductor. 
Here eo and e v are far apart, and as the curvature of the con¬ 
ductor surface is of the same magnitude as its irregularities they 
do not greatly influence the loss. The ( a ) effect here pre¬ 
dominates—that is, the loss near eo is lower than that shown by 
the quadratic law. 



20 30 40 50 60 

KILO VOLTS T0 NEUTRAL 

FiG. 37.—Corona loss near critical point 
A phenomenon of the same nature as the above seems to occur 

in the striking distance between needle points. “Theoretically 
the relation between volts and striking distance should be a 
straight line. This is practically so at high voltages, while at 
low voltages the curve deviates from the straight line. The 
voltage for small striking distances is higher than “ theory ” 
would warrant. This seems to be because a certain finite amount 
of energy must be stored in the dielectric about the point of dis¬ 
charge or, in other words, the voltage must be raised sufficiently 
above the “ theoretical ” voltage in order to extend the rupturing 
gradient over a finite distance. This is further discussed for 
visual corona on wires in Section VIII. 
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VIII. Visual Tests 

Visual tests were made on two parallel conductors, supported 
indoors on a frame of treated wood. Wooden pins were used 
throughout the construction of this frame. The end supports 
were wooden wheels. This circular curvature prevented a flux 
concentration at the ends of the conductors. Two separate 
frames were used. One gave an active length per conductor of 
308 cm., the other an active length of 610 cm. The distance 
above the floor was 150 cm. The maximum spacing between 
conductors was 107 cm. 

The visual critical point, or point where visual corona starts, 
is very definite for polished conductors, and can be repeatedly 
checked within a small per cent. The tests w r ere made in a dark 
room and the method of procedure was as follows: Conductors 
of a given size were placed on the framework. Critical points 
were then taken at various spacings up to 107 cm. 

The maximum intensity at the surface of one of two parallel 
conductors may be written 


d e 
d r 


= £* = - 


6 V 


rl °Sey 


where e v —the (maximum) voltage to neutral. 

r = the radius of the conductor in centimeters. 

5 = the distance between the centers of conductors in 
centimeters. 

This holds where s/r is large, or when the flux is uniformly dis¬ 
tributed at the surface of the conductors. 

When s/r is small, that is, when the conductors are large and 
the spacing small, the flux is not uniform and g v may be more 
closely approximated thus: 


e 

2 * = - 



r log € -j- 


' The following Table XX shows a typical set of readings. 
Note that g v is constant for all spacings , for a given size conductor . 
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TABLE XX 

VISUAL CRITICAL VOLTAGES 
(gv WITH VARYING SPACING AND CONSTANT DIAMETER) 
POLISHED COPPER CONDUCTOR, DIAMETER 0.0343 cm. 


5 

cm. 

ev' kilovolts 
between conductors 
(effective) 

ev' kilovolts 
between conductors 
(maximum) 

gv 

kv/cm 
(maximum) 

2.54 

12.1 

17 

99.5 

2.93 

12.4 

17.4 

99 

3.18 

12.5 

17.7 

98.5 

3.SI 

13.0 

18.4 

99 

4.45 

13.5 

19.0 

99.5 

5.08 

13. S 

19.4 

100 

5.73 

14.0 

19.8 

90s’" 

7.62 

14.5 

20.5 

99 .. <v 

15.2 

16.0 

22.6 

97.2 

30.5 

17.7 

25 

97.2 

45.6 

IS.7 

26.3 

96.1 

! 61.0 

19.4 

27.4 

98 

106.8 

20.6 

29 

97.2 




Average 99 


Sets of readings similar to the above were taken on wires 
varying in diameter from 0.02 to 0.93 cm. The average values 
are tabulated in Table XXI. 

Note that these values are taken for a number of different 
metals. The points all fall on the curve plotted between g v 
and diameter. That is, the critical gradient is independent 
of the conductor material. 

Now it seems reasonable to assume that air under constant 
conditions should break down at a constant potential gradient 
g. An examination of Table XXI shows that g v increases 
as the diameter of the conductor decreases. This is also shown 
on the curve Fig. 38. The apparent increase in the dielectric 
strength of air surrounding small conductors was explained by 
Steinmetz some years ago by the assumption of a condensed 
air film at the surface of the conductor. If this were so, a greater 
critical gradient would be expected for tungsten than for alum¬ 
inum. That is, the air film should be denser around the denser 
metals. As already noted, Table XXI and curve, Fig. 38, show 
that the gradient is not affected by the material or density of the 
conductor. In a paper read at the Annual Convention of the 
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A. I. E. E., June, 1910,* by Hayden and Steinmetz, it was shown 
that energy as well as voltage was necessary to rupture insulation. 
Also see Ryan sf explanation by the ionization theory. Applying 
this definite energy theory to corona formation, it means that 
the potential gradient at the surface of the conductor must be 
raised above the actual breakdown gradient in order to store 

TABLE XXI 

VARIATION OF gv WITH DIAMETER OF CONDUCTORS (AVERAGE VALUES 
FOR POLISHED WIRE). CORRECTED TO 25 DEG. CENT. 76 CM. BAROMETRIC 

PRESSURE 


Diameter 

cm. 

! d e 

1 —=gv 

d r 

I kv/cm. 

1 max. 

Material 

0.0196 

116 

Tungsten 

0.0343 

99 

Copper 

0.0351 

94 


| 0.0508 

84 

Aluminum 

0.0577 

82 

« 

0.0635 

SI 

Tungsten 

0.0780 

76 

Copper 

0.0S13 

74 


0.1G37 

64 

- 

0.1660 

64 

Iron 

0.2043 

59 

Copper 

0.2560 

57 

Aluminum 

0.3200 

54 

Copper 

0.3230 

50.5 

“ 

0.5130 

49 

■ 

0.5180 

46 

« 

0.6550 

44 

« 

0.8260 

42.5 

- 

0.9280 

41 



sufficient energy in the air immediately surrounding the con¬ 
ductor to cause breakdown at a distance x from the conductor 
surface. This distance x from the surface must be finite and the 
gradient at the point x a constant and equal to the dielectric 
strength of air g. See Fig. 39. 

*Disruptive Strength with Transient Voltages , by J. L. R. Hayden and 
C. P. Steinmetz, Transactions A.I.E.E., 1910, XXIX, II, p. 1125. 

t Open Atmosphere and Dry Transformer Oil as High-Voltage Insulators , 
by Harris J. Ryan, Transactions A.I.E.E., 1911, XXX, I, p. 1. 
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On the above assumptions we may write 



= visual gradient 


120 

110 

100 

o 90 

£ 80 
CL 

* :o 

60 

co 

!j 50 
O 

g 40 


g = - 


€v 


= constant 


(r+») log e — 


1 

—pi 
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— 

— 















■ 

■ 



















■ 

■ 



















■ 

■ 

■ 

■ 

0 

„ AT 76 CM. B. AND 25°C=29.3 (l+,_30l) 






\jr 

g== VOLTAGE GRADIENT PER CM. 







■ 

■ 

■ 

■ 


■ 

■ 

■ 

■ 















_ 




“1 

— 














_ 



1 

1 

■ 


_ 

_ 

_ 

_ 

_ 

— 

— 

— 

— 

— 

— 

— 

— 

! 

— 


■ 

■ 

■ 

■ 

ft 

■ 

— 

— 

— 



= 

rr~= 

= 

= 

— 

■- 

— 

— 

= 

= 

= 


■ 

■ 

■ 


















■ 

■ 

■ 

















r 

r 

r 

r 















_ 

_ 

.i 

2 .3 

4 . 

5 . 

6 . 

7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2, 


diameter in cm. 

p IG> 38 .—Visual critical voltage gradient—Two parallel wires 



Yig. 39.—Potential gradient in air surrounding one of two parallel 

conductors 

Now theoretically one is led to expect that x is not constant fot 
all values of r, but 

x=<t> 00 


Then, we may write 
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TABLE XXII 

RELATION OF VISUAL CRITICAL VOLTAGE GRADIENT TO RADIUS(WIRES) 
(EXPERIMENTAL VALUES) 

CORRECTED TO 76 CM. BAROMETER AND 25 DEG. CENT. 


Diam. 

cm. 

gv 

kv/cm. 

Radius 
r =cm. 

1 

v7 

cm. 

0.0196 

116.0 

0.0098 

10.10 

0.0343 

99.0 

0.0172 

7.65 

0.0350 

94.0 

0.0175 

7.58 

0.0508 

84.0 

0.0254 

6.27 

0.0577 

81.5 

0.0288 

5.90 

0.0635 

81.0 

0.0317 

5.64 

0.078 

76.0 

0.0390 

5.08 

0.0813 

73.5 

0.0406 

4.96 

0.1635 

63.8 

0.0818 

3.51 

0.1660 

63.4 

0.0830 

3.45 

0.202 

59.1 

0.1010 

3.13 

0.257 

56.7 

0.128 

2.76 

0.32C 

54.3 

0.160 

2.51 

0.322 

49.6 

0.161 

2.51 

0.513 

48.8 

0.256 

2.01 

0.518 

44.5 

0.259 

1.94 

0.655 

43.7 

0.327 

1.82 

0.826 

42.2 

0.413 

1.57 

0.928 

40.6 

0.464 

1.44 1 



Fig. 40.—Visual critical voltage gradient 
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A study of the experimental values shows that if g„ is plotted 
with 1/ Vr, the curve is a straight line. Sec Table XXII and 
Fig. 10. That is, 


*- 8 ( ,+ 5 ) 


In order to give proper weight to all of the experimental points 
the 2 A method is used in the evaluation of the constants. See 
Table XXHI. 


TABLE XXIII 
RELATION OF uv AND 
<21 A reduction) 



Rv 

vV 


i ! 

v7’ j 


m 

7.65 


50 


Li 


8*2 

5.00 


54 


2.51 

j 

SI 

5,64 


50.5 


2,51 


vo 

5, OK 


40 


2.01 

1 

74 

4.06 


41 


1.44 

1 

L 

S 412 

S 20.26 


X 255.5 


£ It 60 


A X rv » 158.5 
XX rv -005.5 


AX ‘ **17.00 

v> 


605.5 BX40,H 

gm ..-.-*20,8 


RV - 20.84 




These values give 29.8 kilovolts per cm. maximum as a rup¬ 
turing gradient of air at 25 deg. cent, and 70 cm. barometer. Wi 
may find x thus: 

Sl* A+-~'~d 

g \ v r / 


r“(iog e s/r) ■ 
g v „ _„ r+x 

g' (r+*)rog 6 »/r r 
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therefore 

r-f-x A 1 0.301 \ 

r V vr / 



x=o.3oi vr 



Fig. 38 is plotted from equation ( 6 ). The experimental points 
are shown as circles. Taking the correction factor given in 
Section XI for barometric pressure and temperature we may now 
write: 


= 29.8 m v S j 

( 0.301 > 

l V7 j 

) kv. per cm. 

maximum 

= 21.1 m 0 8 | 

f, . 0.301 > 
^ 1 VF J 

| kv. per cm. 

effective 



Fig. 41.—Visual critical voltage gradient—Two parallel cables 
Also 

£,=21.1 m v o r (l+ Q ‘v-M log € — effective kv. to neutral (5) 

The numerical value of g determined above is practically the same 
as the numerical value of go determined from the disruptive critical 
voltage. The above values are for polished wires. 

While the visual critical point is quite sharp and definite for 
wires it is not so for cables. This point for cables seems to come 
on gradually and cover a considerable range. 

Table XXIV and Fig. 41 give average values for cables. 












PERK: LAW OF CORONA 


[June 29 


TABLE XXIV 

VISUAL TESTS ON CABLES 


corona 


0 am 5 ! 


i fwr cm. i 
» C. 7(5 cm. | Avg. 



corr. 

> C. 7(5 cm. 


'I'he values fur wires are plotted on the same sheet. I here is 
nearly a constant difference between the two curves, that is, the 
visual critical gradient for cables, equals the visual critical 
gradient for polished wires, g,„ times the constant », Incrwis- 
int- the number of strands in a ('able appears to increase the value 

<>f Photographic Study. A photographic study of corona on wires 
and cables was made as follows: Two parallel conductors were 
spaced 122 cm. between centers. The camera was focused on one 
conductor only. The distance to the lens was such as to show 
the conductors at approximately actual size. An exposure was 
made for a given time at a given voltage. I he plate was the 
shifted slightly, the voltage was raised, and an exposure made 
for the same time. That is, a given series shows the same part 
of the same single wire at different voltages. I his operation 
was repeated until the series for a given wire was complete. 
See Fig. 42. These photographs are shown m Figs. 

Fig. 42 shows corona on a bright tinned phosphor bronze 

wire—-0.061 cm. in diameter. . , 

Pig. 44 shows corona on a bright copper wire (0.186 cm.) 

diameter—polished after each exposure. 
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Fig. 45 shows the same wire used inJPig. 44, but allowed to 
remain idle a few hours after running at 200 kv. 

Fig. 46 shows a weathered (0.168-cm. diameter) galvanized 

iron wire. . .. , , 0 /n 

Fio- 47 shows a bright polished rod. and a new unpolished 6/ ) 

x §f 

copper cable. 



<|>LENS 


PLATE direction of shift 

Fig. 42.—Method of making photographs of corona on short length 

conductors 


These photographs explain much in the study of corona, for 
instance, variations in k, and go, the effect of moisture, loss at low 
voltage, etc. A complete discussion must be left to another 
paper. The conditions shown cover more than the practical 

range. 



Fig. 43 .—Phosphor bronze bright tinned wire. Diameter 0.051 cm, 


IX. Relation between Visual Critical Voltage and 
Disruptive Critical Voltage 
In Section VIII it was shown by loss measurements that for 

WirGS: g0 = constant = 29 kv. per cm. maximum 
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By visual measurements, in Section VIII, it was shown that 

/. . 0.301 \ 

e -- e v + —n 

where g = 29.8. 





Fig. 44.—Polished copper wire. Diameter 0.186 cm. Polished after 

each exposure 



Fig. 45. —Polished copper wire. 0.186 cm. Run at 200 kv. , then allowed 
to stand idle. (This show's effect of oxidation) 

Then where r — &, or for flat surfaces, g v =g = 29.8. 

The agreement between g as determined visually and g 0 
as determined by loss measurement is remarkable, considering 
the different methods followed. It means that g^ — g — 29.8 kv. 
per cm.— dielectric strength of air at 25 deg. cent, and 76 cm. 
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More weight is given to 29.8 as the value for the dielectric 
strength of air, as it was made on polished wire, and by a direct 
method, while go was necessarily determined on long lengths of 
unpolished and more or less kinky wires'by an indirect method. 
Sec Fig. 51. 



Fig. 46.—-Weathered galvanized iron wire. Diameter 0.168 cm. 



Fig. 47.—L‘25»em. polished brass rod and unpolished copper cable 
X. Irregularity Factor 

Two factors affecting <?<> and the apparent go have been used 
in equations and discussed. The numerical values covering the 
range of transmission practise are: 

For wires: 

niv-nio—l, polished wire. 

= 0.98 to 0.93, roughened or weathered wire. 
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F IG . 50.—No. 3/0 line cable—Wet 


/60 Sfr. 

*, »' ■ 





***** • 


i 


* * 

«... 

<200 Sfr. 

i 

r * 


* 



/6<J /fr. 


* 

4 

* 

200 KV 

* . 

§|S;; 

* 

i 

%. 












1911] 


PEEK: LA W OF CORONA 


1951 




|v 



For cables: 

m- 0 = 0.87 to 0.83 
= 0.82 to 0.72 

k in equation ( 6 ) will vary somewhat with wave shape, etc., 
But this variation can generally be neglected, as it enters the 
equation directly, while the e 0 variation enters as the square. 
The value given should cover practical conditions. 

XI. Temperature and Barometric Pressure 
Values of the disruptive critical voltage eo covering a consid¬ 
erable temperature range are tabulated below. In Table XXV 


no 

,100 

I 90 

£ 80 

§ 

o '° 

§ «0| 
2 

x 50 

l -«o 
I 301 

I 20| 
10 


cl 
T / 

1 i 

JRVES> 

k-VISUAL GRADIENT FOR POLI8HED WIRES ) <\ 

J-VISUAL GRADIENT FOR CABLES- (DECIDED CORONA) >£jL=» r , OG f ; 
y VISUAL GRADIENT FOR CABLE8- (LOCAL CORONA) j v € 

D -DISRUPTIVE GRADIENT AT 0.801 \fr~ CM. FROM 

SURFACE OF POLISHED WIRES-f/ sa. V" =20.8=CONSTAN 

A) *T+“ 
r 

\^E- DISRUPTIVE GRADIENT FOR CABLES-(/ 0 = 25. 7 =CON8TAN 










..... 












Ip- 

—_ 

A 








. 

— 

~D“ 



C 


m 

_ _ 




' 

' 



T.tt. 


T.. 


itt 

. 

E" 

— 

— 

— 

— 

— 

—• 

— 

— 

— 





































.0 .8 1,0 
DIAMETER IN CM, 


1.2 


1.0 


Fig. 51.—-Visual and disruptive gradients for wires and cables 


correction is made to a barometric pressure of 76 cm. on the 
assumption that <?,/ varies directly with the pressure. In Pig. 52 
\/e n ' is plotted with temperature. The straight line through 
these points cuts the temperature axis at —273 deg. cent, or 
absolute, zero. Temperature was always measured in the shade. 
The points that do not fall well on the curve are the summer 
sunny day points. This is what would be expe'eted as the conduc¬ 
tors were at a higher temperature than the temperature read. 

Fig. 52 shows that the critical voltage or the rupturing gradient 
varies inversely as the air density. 

The density of air at 25 deg. cent, and 76 cm. barometric 
pressure is used as the standard in this paper. 







1952 


PEEK: LAW OF CORONA 


[June 29 


TABLE XXV 

TEMPERATURE AND DISRUPTIVE CRITICAL VOLTAGE eo 
(Standard line A 1-2-3-4) __ 


Test 

No. 

Temperature j 

Bar 

cm. 

eo' 

kv. 

between 

lines 

eo' 

corr. 

to 

76 cm. 

1/eo' 

Weather 

Wet 

Dry 

18 

16 

18.5 

75.5 

138.5 

140 

0.00715 

Bright sun 

15 

20 

22 

75.2 

140 

142 

0.00705 

Cloudy sun 

37* 

10 

13 

75.7 

141 

14 

0.00705 

Bright sun 

36 

10 

12 

75.0 

144.2 

146.5 

0.00683 

Cloudy 

109 

- 3 

- 2 

73.9 

148.8 

150.8 

0.00663 

Hazy sun 

84 

1 * 

3 

75.2 

149 

151 1 

0.00662 

Cloudy 

101 

- 1 

- 1 

74.7 

153.8 

156.8 

0.00638 

Cloudy 

103 

- 4.9 

- 4.5 

75.7 

155.3 

156.7 

0.00638 

Sun 

104 

- 9.5 

- 9.5 

76.2 

157 

157.0 

0.00637 

Sun 

119 

- 6.5 

- 6 

76.5 

156.6 

156.1 

0.00642 

Sun 

105 

-13 

i 

-13 

76.2 

161 

161 

0.00622 

Sun 


The factor for reducing the density of air, taken at a given 
standard temperature and pressure, to any desired temperature 
and pressure, may be deduced as follows, and the factor which 
has been called 8 in the previous discussion obtained.* 

0.00465 b 
W ~ 273+1 


where to = the weight of air in grams per cubic cm. 
b = barometric pressure in cm. 

/ = the temperature in degrees centigrade. 


At 25 deg. cent., 76 cm., 


W25’-76 cm 


0.00465X76 

273+25 


= 0.001185 grams 


to at desired temperature and pressure w » = 273+7 


w lb 0.00465 b _ 3.92 

to 25 o c- 76 cnT ~ (273 +t) 0.001185 (273 +t) 

*This is the method used by Professor Ryan as the result of his labora¬ 
tory experiments. The above table is a check on his work on a large 
scale. 
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where (273+/) = T -absolute temperature, deg. cent. 


s 3-92 b .. , . 

o = = correction factor. 

zlo-jrt 


Then if e 0 increases directly with the air density, 


„ 3.92 6 
*° ” 27 Z + t e ° 


where e 0 is the critical voltage at 25 deg. cent, and 7(> cm. baro¬ 
metric pressure, and ed' is the critical voltage at the desired 



temperature and pressure of course the corresponding values of 
go may be found the same way. 

XII. Humidity, Smoke, Wind 
Humidity . Line A was kept as a standard throughout the 
tests. A careful study of the disruptive critical voltage and 
c 2 /f shows no effect of either humidity or “ vapor products 
Visual tests made on two short parallel wires indoors and over a 
great humidity range also bear this out. 

*IIigh Voltage Measurements at Niagara , by R. I). Mershon, Trans¬ 
actions A. L B. E., 1908, XXVII, II, p. 845* 
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TABLE XXVI 

tSTANDARD LINE A. CONDUCTORS 1-2-3-4 


Test 

No. 

Temperatures | 

Relative 

humidity 

Vapor 

product 

go reduced to 

25° C. 76 cm. bar. 

Wet 

Dry 

15 

20 

* 22 

0.84 

0.55 

18.8 

18 

16 

18.5 

0.75 

0.35 

18.5 

36 

10 

12 

0.78 

0.25 

18.S 

37 

10 

13 

0.67 

0.21 

18.3 

84 

1 

3 

0.69 

0.11 

18.7 

101 

- 1 

- 1 

1.00 

0.17 

19.2 

103 

- 4.9 

- 4.9 

1.00 

0.13 

18.9 

104 

- 9.5 

- 9.5 

1.00 

0.08 

18.6 

105 

-13 

-13 

1.00 

0.06 

18.8 

109 

- 2 

I - 2 

1.00 

0.12 

18.7 


Theoretically there should be no appreciable effect due to 
humidity, since even if the water vapor, which may be consid¬ 
ered as a gas dissolved in air, has a different disruptive gradient 
from air, the percentage of the gas in the mixture should be too 
small to cause any appreciable change. It has been suggeste 
that “ vapor products ” is a measure of ionization and, m that 
way, the critical voltage varies with vapor products. This does 
not seem likely, because with all ordinary atmospheric air the 
percentage of ionization is so small that it would not be expected 
to produce any effect. To test this, the visual critical point 
was determined on two parallel wires. The room was then 
closed and the wires were run at a point very much above e 
critical point for about an hour, or until a very intense odor 
of ozone filled the room. The voltage was then taken off and the 
surface of the wires cleaned in order to remove oxidization. 
The critical point was then redetermined and found to be the 
same, although the amount of ionized air was many times t a 
which could be expected in free atmospheric air Of course it 
the percentage of ionization is enough to change the constitution 
of the air, as for instance in an ozone machine, a change in t e 
disruptive strength would then be expected. 

It has been claimed that ultra-violet light reduces the spark- 
‘ ing point This is not borne out in tests, where any quantity 
of power is invol ved. Though ultra-violet light, ionized air, 

tLine A was kept at constant test conditions for use as a standard m 
the study of varying atmospheric conditions, etc. 
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and various radiations, cause the small energy in condensers to 
discharge when applied over comparatively great time, in case 
of large energy discharge in a very short time, as spark discharge 
and corona, no appreciable effect should be expected, or can be 
observed, since the discharge which takes place by ionized air is 
not of the same order of magnitude as the spark discharge. 

The conditions are not the same with fog; here there is not a 
mixture of two gases, air and water vapor, as is the case where 
humidity is concerned, but actual water particles are in the air. 
It has been observed by Steinmetz that fog actually raises the 
striking distance between needle points. This is because the 
conducting water particles have the effect of increasing the 
size of-the discharge points. With balls as electrodes, or where 
the electrodes are already large, fog would probably decrease 
the striking distance. Greater loss should be expected in corona 
measurements during fog due to charge and discharge of the 
water particles. This causes loss at lower voltages and has the 
effect of decreasing the critical point; it is more fully discussed in 
Section XIII. 

Smoke. It was difficult to get measurements to show the 
effect of smoke, as the prevailing winds were from over the fields 
and towards the city. At one time, however, during a change in 
the wind thick smoke was blown over the line from rubbish 
dump and smokestacks of a factory. The loss was increased. 
This, however, will probably not be a serious consideration in 
practise. 

Wind. Losses measured during very heavy winds show no* 
variation from losses measured during calm weather. 

XIII. Moisture, Frost, Fog, Sleet, Rain and Snow 7 

During some pf the first tests it was noted that the losses were 
sometimes greater on the “ going up curve ” than on the 
11 coming down curve ”, especially in the early mornings after 
heavy dew. The losses became less after the line had been run 
for a while at high voltage; Fig. 53 shows this well for a conductor 
with a coating of frost. This excess loss was thought at first 
to be due to leakage through moisture on the insulators. Insu¬ 
lators were put up without line wires, but measurements showed 
a very small insulation loss even during storms. It was then 
concluded to be due to moisture on the conductors themselves. 
Visual tests made on short lengths of wet and dry cables showed 
this in a very striking manner. Two parallel dry cables were 
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brought up to the critical point. Water was then thrown on 
the cables. What was a glow on the surface of the dry cables 
now became, at the wet spots, a discharge extending as much as 
5 to 8 cm. from the cable surface. This discharge reminded 
one of an illuminated atomizer. Illustrations, Figs. 49 and 50, 
show this, but a great part of the effect is lost in reproduction. 
The wires became quite dry and down to normal discharge 
after running at high voltage for a very few minutes. 

The curves, Fig. 54, taken during fog also show the combined 
effect of condensed moisture on the cables, and free water par¬ 
ticles in the air. The moisture particles on the conductor be¬ 
come charged and are repelled. The particles in the air also 
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Fig. 53.—Corona loss 


become charged and discharged, thus increasing the loss very 
greatly above that for dry conductors. 

The losses during snow and rain storms are much greater than 
fair weather losses at the same temperature and barometric 
pressure. In Fig. 56 the actual measured loss is plotted, and 
also a corresponding calculated fair weather loss. The difference 
between the two curves shows the excess loss due to snow. The 
effect of snow is greater than that of any other storm condition. 
This is because the particles are larger and a greater number 
strike the line, or come near the line. 

The sleet curves are of special interest. Sleet had already 
started to form on the conductors, and was still falling when the 
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tests were started. Fig. 57 shows the loss curves. After the 
curves were taken the line was kept at 200,000 volts for over an 
hour with no apparent diminution of sleet. This seems to show 
that sleet will form on high voltage transmission lines. 
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Fig. 56.—Corona loss during snow storm 
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Fig. 57.—Corona loss during sleet storm 


The day after these tests were made was bright and clear and 
the conductors were still coated with sleet. A set of readings 
was taken, and it is interesting to note that the excess loss here 
was as great as when sleet was falling. See Figs. 58 and 59. 
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The excess loss for sleet, rain or snow storms (over the fair 
weather loss) seems with increasing voltage to approach a maxi¬ 
mum and then to decrease again (the latter at values very far 
above the disruptive critical voltage), and the curves of loss seem 




Fig. 59.—-Corona loss—Wires coated with sleet 


to have the general shape of the probability curve, as is to 
be expected theoretically. 

The above readings show the importance of taking weather 
conditions into account in the design of high voltage transmission 
lines. 
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TABLE XXVIII 

CORONA LOSS. DURING FOG 
(Data for curves Fig. 55) 

i 

I Fair 


Kv. 

between 

lines 

e' 

I 

Amperes 
total I 

Kw. 

read 

total 

Pt 

weather loss [ 
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Line .4. 1-2-3-4. Test No. 113 

Total conductor length. 

No. 3/0 7-strand cable diameter.. 

Spacing. 


109,500 cm. 

1.18 cm. 
310 cm. 


Wet 2 deg. cent. 


Temperature... 

Barometer. 

co fair weather, 


Dry 2 deg. cent. 
75.5 cm. 
74.7 
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TABLE XXIX 

CORONA LOSS. DURING SNOW STORM 
R POINTS TAKEN GOING UP ON LINES 1-2-3-4 
(Data for curves Fig. 56) 
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Line A. 1-2-3-4. Test No. 107 

Total conductor length. 

No. 3/0 7-strand cable diameter. 

Spacing.*. 

Temperature. Dry _ Q deg> cen t. 
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1.18 cm. 

310 cm. 
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Barometer. 

eo fair weather. 
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TABLE XXX 

CORONA LOSS. DURING SLEET STORM 
POINTS TAKEN GOING UP ON LINES 1-2-3-4 
(Data for curves Fig. 57) 
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TABLE XXXI 
CORONA LOSS 
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XIY. Remarks 

There is still much left for further discussion, and many 
speculations to put forth, which, for lack of time, must be 
left to a future and more theoretical paper. Under this heading 
may be mentioned: 

Rationalization of equations. 

*Energy storage at the conductor surface through the distance 
x before the visual point is reached. 

* Further relations between capacity and a in equation (2) and 
value of a for very small conductors. 

The extension of corona from the conductor surface and the 
resulting increase in capacity. 

A further discussion of the quadratic law, and the losses at 
low voltages. 

Storm losses. 

Photographic study. 

Unexplained corona phenomena. 

*W‘orlc on rationalization of x and a seems to show that the values 
given are the first terms of a series. 





1966 


ELECTRIC STRENGTH OF AIR 


[June 29 


Discussion on “ Electric Strength oe Air, II,” “ The Law 
oe Corona and Dielectric Strength of Air.” Chicago, 
June 29, 1911. 


C. P. Steinmetz: The papers of Dr. Whitehead and Mr. 
Peek, Jr., are of momentous importance by solving the problem 
which threatened to stop the further advance of high voltage 
power transmission, the corona or loss of power by discharge 
into the air. From an unknown danger, corona thus becomes a 
phenomenon amenable to exact calculation and predetermination 
Mr. Peek’s paper, while very voluminous, is only a snort 
abstract of some of the more important results, of an investiga¬ 
tion, which is probably one of the most extensive experimental 
electrical engineering investigations ever undertaken. 

Some of its results are: . 

The loss of power by corona is proportional to the frequency 
and to the square of the excess voltage above a certain critical 
voltage, the disruptive critical voltage. 

This disruptive critical voltage is that voltage at which at 
the conductor surface a certain definite and constant potential 
gradient is reached, which is 30 kv. per centimeter, independent 
of size of wires and distance, but is proportional to the a 
density, that is, the barometric pressure and the 
temperature, and may be considered as the dielectric strength o 

The corona, involving luminosity and conductivity of the air 
and loss of power, does not yet begin when the dielectric strength 
of air, that is, the disruptive voltage gradient, has been reac ^ 
at the conductor surface, but only after the disruptive gradient 
has extended a finite distance from the conductor that is, after 
an envelope of dielectrically over-strained airof afinlte d 
ness has been formed around the conductor and a defin 
amount of energy has become available thereby. In tins re 
spect, corona formation is analogous to other phenomena of gas 
conduction, as the electric arc, which latter also requires a 

definite amount of energy for its starting. _ diminutive 

There are thus two definite critical points: the disruptive 
criticS voltage, e«, at which the disruptive critical gradient 
that is the dielectric strength of air, of 30 kv. per cm., is reacnea 
at the conductor surface* and the visual critical voltage 
at which the disruptive critical gradient has spread from 
£„Z£r to a sufficient distance to give the energ of corona 
formation, and luminosity and power loss begins At the latter 
voltage the gradient at the conductor surface is higher than the 
disruptive critical gradient, the more so the. smaler the,ton- 
ductor diameter, and the ratio between the visual andJf e ‘ % 
motive voltage gradients, respectively, is given by equation 1) 
of P Dr Whitehead’s paper, which is, not only m its forna,. but even 
in its numerical constants, the same as the corresponding equa- 
tion of Mr. Peek’s paper. 
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r theoretical loss curve, that is, that of a conductor of per¬ 

fect surface, would then have the shape as shown in Fig. 1, that 
1S > s tart abruptly with a finite value at e v , while the dotted 
part from e 0 to e v is unstable, just as in the arc characteristic a 
similar discontinuitv occurs at the intersection with the “ sta¬ 
bility curve.” 

Another interesting result of Mr. Peek’s paper is, that the 
lower part of the numerous previously published corona loss 
curves, which has been variously expressed as “ sub-corona,” 
°r 4 c part corona,” etc., is nothing but the effect of the irregularity 
of the conductor surface, and as such follows the probability law. 

Hnmidity of the air is by Peek’s paper finally eliminated 
as one of the factors which might have an effect on corona. So 
also is the free ionization of the air. A pronounced effect, how¬ 
ever, is produced by any solid or liquid contained in the air, as 



Fig. 1 


smoke, rain, snow, sleet, etc., and the effect is a great increase of 
loss and decrease of the voltage where the loss begins. 

T3r. Whitehead’s paper specifically deals with the quantity, 
which in Peek’s paper is called the “ visual critical voltage e v 
and the “ visual critical gradient g v ,” the values of voltage at 
which corona begins, that is, at which, according to Peek, ttie 
disruptive strength of air has been exceeded for a sufficient 
distance from the conductor to supply the energy required to 


start the luminous discharge or corona. 

There are some apparent discrepancies between the results 
of JOr. Whitehead and those of Peek: Peek shows that the dis¬ 
ruptive critical voltage, the dielectric strength of air, and the 
constants of the corona equation are independent of the ire- 
tiuency, while Dr. Whitehead shows that the visual critical volt- 
age slightly decreases with the frequency. Peek shows that the 






inns 


ELECTRIC STRENGTH OF AIR 


IJunt' 2ft 


dielectric strength of air is proportional to lho density, while. 
Whitehead, extending his observations over a wide range of 
pressure, shows the visual critical voltage to vary less than 
proportionally to the air density. However, these discrepancies 
are only apparent, as Peek refers to the disruptive critical voltage 
a H, Whitehead to the visual critical voltage and the ciicet 
observed by Whitehead should rationally bit expected irom Peek s 
results: Peek shows the disruptive critical gradient g« to be pro¬ 
portional to the air density, but corona to begin when the dis¬ 
rupt ive gradient has extended a finite distance front the con¬ 
ductor, that is, after the formation of an envelope which supplies 
the energy of disruption. At this point,, at. the conductor surlaee 
a higher gradient g„ has been reached. At lower air densities, 
the energy of the. dielectric field is less, and it. should therelore 
be expected that a greater thickness of envelope would be re¬ 
quired to supply the energy of disruption, that is, the visual 
gradient g P should vary less than proportionally to the air density. 
Similarly, at higher frequency and thus greater flow of power 
into the dielectric field of the conductor, less thickness ot the 
envelope of overstrained air would be required to give the energy 
of corona formation, and increase of frequency thus should have 
the effect of decreasing the visual critical voltage <?*, at constant 
disruptive critical voltage r«. That, is, in Peek’s equation re¬ 
lating the visual gradient and the disruptive gradient, gn 


(which is equation (1) of Whitehead’s paper), the constant 
0.301 should contain the air density 5 and the frequency / an 
terms. 

This is a field for further investigation. 

In conclusion, I wish to congratulate Dr. Whitehead, not 
only on the valuable results of his paper, but more still on the 
form in which the results tire given, as empirical facts without 
coloration by the terminology of any metaphysical speculation, 
as unfortunately is done so often today, hut the speculative 
interpretation is separated from the statements of the facts. 
However, from the point of view of the. ionic theory in which 1 
do not believe—the facts of Peek’s and Whitehead’s papers appear 
easy of interpretation. 

The dielectric strength of air or disruptive critical gradient 
is that field intensity, which during the main free path of an ion 
gives it a velocity sufficient to produce ions by collision. The 
dielectric strength of air thus must lie a constant, independent 
of the size and distance of the terminals. Thu corona then is 
the result of ionization by collision, and the. density of the ions 
in the corona is enormously high compared with the highest, 
natural ionization of air. Starting then from the few free ions 
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existing near the conductor, in the formation of corona these 
ions accelerate by the dielectric field to form new ions by colli¬ 
sion, these again accelerate to collision velocity, and in this 
manner, by successive collisions of the free ions formed by colli¬ 
sion, gradually the ionic density increases to the value required 
to give conductivity and luminosity, that is, corona. As a very 
large number of successive collisions are required to increase 
the ionic density to that in the corona, it follows that the ioniza¬ 
tion density of the dielectric field must extend over a distance 
from the conductor which is very large compared with the 
free path of the ion, that is, an envelope of finite thickness of 
over-strained air is required for corona formation, as brought 
out by the facts of Peek's paper. Or, from the energy point of 
view, a finite amount of energy is required for corona formation: 

—— of all the ions which have been accelerated to 

collision velocity, until corona density of ions is reached. 

At lower air densities, the free path of the ions is.longer and 
the field intensity required to produce collision velocity, that is, 
the disruptive critical gradient, or dielectric strength of air, 
proportionally lower. However, at the longer free path, a 
greater thickness of the envelope of over-strained air is required 
to increase the ionic density by successive collisions to that re¬ 
quired by the corona, and thus the visual critical gradient must 
vary less than proportionally to the air density, in agreement 
with the results of Whitehead’s paper, while the disruptive 
critical gradient should be directly proportional to the air 
density, as given by Peek’s paper. . 

The free ionization of the air can have no effect on the critical 
alternating voltage, where corona begins, nor on the power loss, 
since at every half wave of alternating voltage the corona torma- 
tion starts not with the free ionization of the air, but with the 
residual ionization of the preceding half wave, which, while 
extremely small compared with the ionic density m the corona, 
is large compared with the free ionization of the air.. lb is 
residual ionization, however, should to some extent vary with the 
frequency, and at higher frequency be higher, thus requiring a 
lesser thickness of the ionizing envelope, that is, a lower visual 
critical voltage e„, in accordance with Whitehead s paper. Fol¬ 
lowing an exponential function, the ionic densiti at the forma 
tion of the corona, and at its disappearance, should pass through 
the critical corona value very, abruptly, that is, the point nhcrc 
corona forms, and where it disappears, should e e ‘ 

very sharply defined, as in agreement with empirical evidence. 

While the free ionization of the air can have no effect on alter¬ 
nating corona, it should have an effect on corona formation bja 
single 2 voltage impulse of very short duration, and such a ten 
Short transit v&tage should either (pve, no « JW 

its duration is less than the time required to reach corona ae . 
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by successive collisions—or only at a very much higher, and 
more or less indefinite voltage. That is, a much greater thick¬ 
ness of ionizing envelope should be required to reach corona 
ionization from the low natural ionization of the air, than from 
the higher residual ionization of the alternating corona. 1 ^ 
alternating corona, this should give a corona transient probab y 
extending over several half waves. Experience seems o P 
to the absence, or the much lesser extent of corona with transient 
voltages, than with alternating voltages. Thus for instance 
insulators, designed to flash around much below t^ir puncturing 
voltage, frequently puncture with transient voltages of short 
duration, as lightning, without flashing over. That ; *2“ 

alternating impressed voltage, corona spreads ove 
until followed by a disruptive discharge over the surface, lo g 
before the disruptive strength of the msulator matOTa 
reached. At a short transient voltage, however, none or very 
little corona seems to form, and the flash-ove a 

comes much higher, and above the puncture voltage Howler, 
this entire field of corona formation whh transient volta es, 

' though of high industrial importance, is still practically 
known and work in its exploration is contemplated. 

Cassius M. Davis: During the investigations made to de¬ 
termine the relation between the visual corona voltage,thediam¬ 
eter of the conductors and the distances betweenthem the ob¬ 
servations were carried down to very s m al l distences of separa 

turn, even below the point where corona ceas fA^tSsthw re- 
ruptive discharge takes place, and some rather interesting 

SU WhIr e evohag“is applied to two parallel wires or conductors 

SSffiSSJjSgfeKSB 

the wires is now conducting, the real, surface is no longe^iie 
metallic surface of the wire but some surface disstag fr 

gAf equipotential sqr- 

faces surrounding the conductor, but by the equigiachent s 
faces These curves are not concentric with the metallic con 

l&Sft ^ "ef Ihe 
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at the surface of the effective conductor. If then the distance 
between the wires is large compared with their diameter, the 
decrease of gradient due to the increasing conductor diameter 
is greater than the increase due to their decreasing distance, 
since the decrease of distance is a relatively small part of the 
total distance between wires. At the outside of the effective 
conductor, that is, outside of the space filled by the conducting 
air or corona, the gradient is less than it would be at the surface 
of the wires, and the discharge between wires thus limits itself 
to a corona extending as a more or less uniform glow, up to the 
distance at which the potential gradient is the breakdown 
gradient. If, however, the distance between the conductors is 
so small that the increase of potential gradient due to the de¬ 
crease of distance between the effective conductors, resulting 
from the corona formation, would be greater than the decrease 



DISTANCE BETWEEN WIRES IN CM. 

Fig. 1 


due to the increasing conductor diameter, corona cannot form, 
but as soon as the discharge into the air begins at the conductor 
surface, it increases the potential gradient and thereby passes 
across between conductors as a disruptive discharge. u 
the conducting envelope produces a decrease of t ^ P°yf 
gradient between the wires, corona appears; if it produces an 
increase, disruptive discharge takes place. • ther 

The transition from disruptive discharge to corona is rather 
interesting to observe. Starting with the conductors ver} close 
together and gradually separating them, maintaining t p - 
ae Seal value all the while, a point peached wh™ 
the disruptive discharges become less sharply defined and less 
snappy; and intermittently between the moreThL 

S SSlt a ”fn«^e„ d the^disruptive »d cotana 
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discharges. If the distance is further increased a point will be 
found where corona begins, and by carefully adjusting the 
distance a position can be determined where, at the same applied 
potential difference, all three discharges take place one alter 
another in various orders of succession. This .shows very nicely 
that corona, like the Geissler tube discharge, is a form ol. dis¬ 
ruptive discharge. .. 

If the wires are separated by a greater amount than this 
critical distance and corona is produced at the critical voltage, 
a disruptive discharge may again be brought about by raising 
the voltage above the critical value of corona formation. 1 hus 
if a curve is plotted between voltage or potential gradient and 
separation between conductors it consists of a single line up to 
the critical distance, then at that point it divides, forming two 
branches, one for disruptive discharge and one for corona. 1 wo 



Pig. 


O 


such curves, one showing the voltage, the (.thei th(. p tuitial 
gradient at the conductor surface, are given in I igs. 1 *■« -■ 

* The critical distance where corona begins meieasis with ni 
creasing diameter and should probably be of such a vahu . - 
give a constant ratio between the separation distance and tin 
diameter! It is rather difficult to calculate this ratio because 
of the complex shape of the cquigradient surfaces Biased on 
cylinders whose sections arc circles concentric with the nulalli 
conductor, the ratio is about 3.8; and based on eylindcis who.,e 
sections are eccentric circles with constant distance between the 
outside surfaces, the ratio is about 4.1. bxpenmentallj tin.-, 
ratio seems to be about 25, indicating that the precise shape > 
the cquigradient surfaces should be determined and used m the 
calculation. The accompanying table gives the expci m(-i bd 
values of the diameter, critical distance, critical potential dtl- 
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ference to neutral in kilovolts, gradient at the surface and ratio 
of critical distance to diameter. 


Diameter 

cm. 

Critical 

distance 

cm. 

Visual 

critical 

potential 

i 

j 

| Potential 

! gradient 

j at surface 

Ratio 

| critical distance 

diameter 

0.0344 

1.8 

7.6 

96.4 


52.3 

0.0780 

2.7 

13.0 

81.1 


34.6 

0.1662 

3.6 

19.7 

i 66.4 

i 

21 .6 

0.204 

3.6 

20.7 

60.6 


17.6 

0.320 

7.S 

35.0 

5S.6 


24.4 

0.513 

13.3 

49.1 

50.2 


25.1 

No great 

accuracy is 

claimed for these results, 

since the 


apparatus usea m me experiments was designed to oe em¬ 
ployed for comparatively great distances, and small distances 
were difficult to measure accurately; however, they serve to show 
the general magnitude of the values. 

The disruptive branches beyond the critical distance (giving 
the relation between voltage and size of conductors) approach 
each other, and beyond separation distances of 10 cm. have 
practically the same values for wire diameters within the range 
used in the tests. The lower end of the disruptive branch, that 
is, the part below the critical distance, seems to point toward 
approximately the value 30 kv., at zero distance, determining 
the dielectric strength of air in another way. This is reasonable 
because the surfaces when very close together become planes 
and the distance between them becomes less than the thickness 
of any envelope of conducting air around them, and thus the 
gradient at the surface of the conductor becomes the breakdown 

gradient of air. . , x . , 

The accuracy with which the critical voltage can be determined 
visually is quite remarkable. Observations can be made with 
very little practise which check within one per cent of each 
other. This applies as well for laboratory measurements as for 
determinations made upon an actual transmission line, ihe 
visual method has the advantage over other methods m that the 
effect of point discharges can be eliminated since a portion ot 
the conductor can be selected for observations which is free 
• from irregularities. That the visual point is the point where 

ionization begins is very nicely lllus ^ rated v m ^deoendentlv 
Messrs Whitehead and Peek, m which, working independent!}, 

each derives almost the identical equation for critical voltage, 
one using the ionization point, the other the visual point, one 
using a conductor concentrically located m a cylinder, the 

other two parallel wires. noon the 

TVip aooearance of corona is greatly dependent upon tne 

surface condTtion of the conductor. A perfectly smooth and 
“ofclSdwire exhibits corona as a very soft uniform 
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glow; however, if the discharge is allowed to continue a short 
time the glow becomes less homogeneous and_ soon appears m 
tufts with the space between almost non-luminous, giving _tne 
wire the appearance of a string of bright beads. An ® xa ™ iaa " 
tion of the conductor after this “ beading has 
shows alternate stripes of the bright wire and dull oxide uhich 
latter rubs off easily as a black substance. ,• t 0 f 

The mass of information now available upon the subject oi 
corona formation on transmission lmes is qmte vniumino^, and 
high-potential lines can be designed with considerable accur 3 
with regard to the amount of energy dissipated into the air, 
also the critical voltages can be calculated very a ^ carat ^ t ly ^ 
avoided. With other apparatus conditions are different, ana 
while the critical voltage can be estimated very closely, an 
measure avoided, yet with insulation other than air, which 
hardly ever homogeneous, and very limited distances of separa- 
of eliminating corona and ttt 

deleterious effects are less understood and a very large nelo 

° S rt HenSfjr?f' One of the most striking features of 
the papers of Whitehead and Peek is the great accuracy of the 
mSrKported, especially in the determ nation of to voltage 
renuired to produce visual and audible corona, lhis 
sue-vests the possibility of constructing a corona voltmeter as 
nronosed bv Professor Ryan and others-and its use for high- 
tension measurements in place of the needle point s P a ^J^P- 
Suchan instrument could be made to give>oth vjjljf' ble 

indications with a probable accuracy of -^oSse be 
The form and arrangement of electrodes should of course De 

able for high-tension investrgations and much superior 
““he ac“acy a rf Whitehead and Peek’s measurements rise 

5 

W gratifying and furnish 
sufficient proof of reliability. dielectric strength of the 

^taTofthe natal 
gSm"“rim"nt shows that this rinot 

ffit a eter al of ra 5T ffi, fotthTouter 

wtoel tCry M*ha”es S this should be one and five-eighths 
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inches.. The most definite results I have obtained illustrating 
this point, are on transformer oil and are best shown by the ac¬ 
companying curve Fig.^ 1. In this case, the ratio of diameters 
for maximum dielectric strength was found equal to seven. 
Possibly from their own investigations, the authors may be 
able to give an explanation of the cause of this discrepancy. 
At any rate, the fact seems to be established and should be 
taken into account in high-tension design. 

Another interesting phenomenon, though not directly con¬ 
nected with the subject of rQ _ 

these papers, is the effect of ^ ~ ._ 

pressure on the dielectric \m~ X' j S ---j 

strength of oil. I have in- £ f M h —j 

vestigated this point but 5 80 f Nf .j 

slightly and find that the I fi0 > j j ■ | : , " ; 

dielectric strength is increased * ° : _ ; | . I .J . .Tv _„j 

about 50 per cent by a rise in 1 40 1 j -. 

gage pressure from zero to t -j—j---V-.j 

200 lb. per square inch. Pre- i j | H-—-V-j— 

sumably others have more < | j"i j 

complete information regard- o i 2 3 t ' 

. , , - rr j j * r • , OUTSIDE DIAM. OF INNER CYLINDER IN INCHES 

mg this effect, and, if so, it 

is suggested that their results D =insi £Jg£* teT of outer «’ Knder =3 ' 23 ir; - 

would be of great value and d = outside diameter of inner cylinder = 0 005 

interest if presented to this " + 

Institute. This property of oil .l.-Arcmg voltage between con- 

may render possible the con- “ c >’ hndere under od 
struction of apparatus for extreme high tensions, normally 
operating under high oil pressure. 

Charles F. Scott: I will not attempt to contribute to the 
technical discussion of the subject. The former speakers have 
dwelt upon these technical points and given a most excellent 
discussion. I would like, for a moment, however, to take a 
general survey, to show the progress we are making in trans¬ 
mission. . „ , , ,, 

It is not so very many years since 40,000 volts marked the 
high range of potential of operating pressure. A paper befOTe 
the Institute a dozen or thirteen years ago, describing Mr. 
Mershon’s work at Telluride, gives tests which were limited to 
two and a half or three miles in length, in which the voltages 
used were in the main from 50,000 to 70,000, although a few 
tests ran up to 110,000 volts, which I believe was the limit of 
insulation of the transformer, as demonstrated^ by the test 
itself with inadequate instruments and methods devised by Mr. 
Mershon on the ground under the greatest difficulties those 

were the conditions only a few years ago. 

A few years later, in the static mvestigations to which the 
Chairma^referred, which were made by Mr. Thomas 
the potential was as high as seventy thousand volts, and the 
tests were made on a number of commercial lines m the West. 






1976 


ELECTRIC STRENGTH OF AIR 


[June 29 


Now, we have tests covering three hundred miles of line, for 
normal operation, at 100,000 volts, and we have a fundamental 
knowledge of the phenomena on which to base the tests, which are 
made with instruments which were not in existence until a few 
years ago. The oscillograph has opened up and given us photo¬ 
graphs of just what is going on which made possible a new 
order of investigation and enlightenment. 

A word should be said as to the amount of time, labor and 
money which must be expended on tests of this kind; also com¬ 
mendation should be made of the excellent policy of presenting 
so freely and fully these measurements before the Institute, not 
only with the results obtained on lines in the west, but those 
on the experimental lines at Schenectady. The general result 
of all these investigations has been most valuable. All papers 
of this morning have contributed to our knowledge of the con¬ 
ditions in the high-voltage field, and have not busied themselves 
in bringing up impediments and difficulties, but they have de¬ 
fined the conditions of operation, and have been extending the 
possibilities and the certainties of high-tension transmission by 
showing definitely what those conditions are. Sometimes 
papers deal with the discovery of some, phenomena which are 
impediments, sometimes papers deal with special devices for 
overcoming special difficulties, but here we have a larger sci¬ 
entific investigation, showing what the conditions are, and 
fortunately, if I am not mistaken, not bringing up new hin¬ 
drances, but blazing the way for the extended.commercial de¬ 
velopment of high-tension transmission and making its opei ation 

Harris J. Ryan: Dr. Whitehead has evolved out ot the 
original crude concentric cylinders outfit for the laboratory 
study of corona an instrument of precision that offers a wide 
range of application in the exact study of the essentials of corona 
phenomena. In the concentric cylinders method the atmosphere 
between the cylinders is stressed in a balanced electric field. 
When the surface of the central cylinder is true and free from all 
foreign material, ideal conditions exist and the turbulent ^ele¬ 
ments that enter into the practical case, giving rise to the ir¬ 
regularity factor,” are absent. Dr. Whitehead s studies, are 
therefore particularly valuable because. his results constitute 
a foundation or base upon which to rest judgment of the condi¬ 
tions and relations that exist in the practical cases as they arise. 
He has found that the electric surface-intensities which start to 
cover a clean cylindrical conductor with visible corona m a 
balanced electric field are 

£ 1 = £o = 32+^4, 


while Mr. Peek has found that these same corresponding electric 
intensities which start to cover a clean cylindrical conductor 
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in the unbalanced field set up between two equal parallel cylinders 
are 


E x = 29.8 



0.301 
V r 


29.8 + 


12.7 

V5 


The ratios of these corresponding values are nearly constant 
for all diameters likely to be employed in engineering, as may be 
seen in the table below: 


1 

! ' d 

Eo 

Ei 


| cnis. 

kv/cm. 

kv/cm. 

Ei/Eu 

! 0.2 

61.95 

58.17 

0.939 

! 2.0 

41.47 

38.77 

0.935 

! 6.0 

1 

37.46 

34.98 

0.934 1 


When these formulas are applied to the case of parallel plate 
electrodes, Vd = «, and the values of E 0 and Ei are the cor¬ 
responding ultimate dielectric strengths of the normal atmos¬ 
phere stressed by a uniform electric field: 

E 0 — 32 kilovolts per centimeter, 
i£ 1 = 29.8 kilovolts per centimeter. 

There should be no question about the integrity of each of 
these values. Their ratio is 



29.8 

“32" 


= 0.93 


For some time physicists have concluded through methods 
peculiar to their studies of the conduction of electricity through 
gases that the dielectric strength against rupture of the normal 
atmosphere using unbalanced electric fields in the open is quite 
close to 30 kv. per cm. Mr. Peek’s value of 29.8 found by 
totally different methods is quite in agreement therewith. Dr. 
Whitehead’s value of 32 applies to the normal atmosphere en¬ 
closed and stressed in a balanced electric field. It applies, there¬ 
fore, to conditions in t which all irregularity effects are quite 
completely eliminated. Therefore, one may safely use 32 kv. 
per cm. for the ultimate dielectric strength of the normal.at¬ 
mosphere in constructing -a rational formula for the critical 
visual corona voltage provided the factor 0.93 is. included, 
due to the change in the electric fields from one that is enclosed 
and balanced to one that is in the open and unbalanced, i.e., 
as set up between two equal parallel cylinders. . 

In the present papers we have placed before us conclusive 
evidence that corona starts to cover a round conductor m the 
open when the normal air is stressed to 30 kv. per cm. at a 
distance of a = 0.301 V r cm. radially from the conductor surface. 
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The theory of ionization by collision which accounts for-this 
phenomenon insists that the normal rupturing strength, 30 kv. 
per cm., must be directly proportional to the atmospheric density 
factor 

s 3.92 b 
° 273 +t 

and to 0.301 \'r./(S). There is substantial evidence* that 
f ( 5) in 0 301 V V.f ( 8) is so nearly constant and so near unity 
over the whole range of natural atmospheric variations observed 
by barometer and thermometer that it is entirely safe to use 
f ( 8) = 1 in a= 0.301 V r ./ (8). Thus beyond all doubt, so far as 
theoretical reasoning can settle such matters, the barometer- 
thermometer correction factor in the rational visual corona 
critical voltage formula must be 

. 3.92J 

6 273 +t 


Dr Whitehead has again undertaken to show that I am wrong 
in regard to the effect of electrified atmosphere upon the visual 
corona critical voltage; he does this by proving what I have all 
along stoutly maintained, wx., that no amount of electrification 
will alter the critical voltage as observed m his apparatus, L he 
theory of ionization by collision that applies here necessan > 
makes this so. In-the open atmosphere about parallel cylinders 
which never remain “ clean ” and with their unbalanced eiectric 
field it is a different matter. The coring up _ phenomenon 
comes in and electrification or “ antecedent ionization intro¬ 
duces part-corona or local corona which sterts at lower surface 
gradients and therefore at lower critical voltages He also 
renews his objection to the experiment referred to m Fig. 28J 
n-f mv Tanuarv 13 1911, paper. My reply to that objection 
appears! in the corona discussion published in the Transactions , 
1911 XXX I He offers also the conjecture that some of the 
surf ace intensities reported in my paper are erratic as to Position 
because of lack of care as to high-voltage wave forms employed 
and in making the visual settings for the initial corona. I do not 
think this is so. I refer to this matter later on so as to rep y 

^Regarding Memhon’s work at Niagara Falls referred ^ several 
times in the present corona papers, anyone who repeats Mer- 
shon’s observations at the same point as to location and under 
the same circumstances as to wind and 'be- 

about the same values that he found. In doing t ___ 

Transactions A. 1. E. K, 1 911, XXX, Fart T curves l ana ill Fig 4 
p 6; a^so compare the Townsend values Fig. 156, p. 21 and the B-P-S 
values of Fig. 6, p. 8 of the same paper: 

tSee Transactions, 1911, XXX, I, p. 52. t P- 
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havior of the high-voltage circuit with ungrounded neutral 
must be kept in mind, as well as the importance of the electrifica¬ 
tion of the atmosphere produced by the falls in connection with 
conductors having surfaces in various physical states. 

All who are interested in the corona problem will find Mr. Peek’s 
paper a mine of valuable results, well produced and applied. 
His work has decided a number of things about which uncer¬ 
tainties have heretofore existed. He shows conclusively that: 

1. The dielectric strength of the normal atmosphere at 
rupture is very close to 30 kv. per cm. This is in agreement 
with the corresponding value found by the physicists who have 
employed entirely different methods. 

2. Corona will form and cover the surface of a clean conductor 
in the normal air whenever the potential of the conductor is 
raised to the value whereat the air is stressed to the breaking 
point, 30 kv. per cm., at a critical distance normal to the con¬ 
ductor surface, thus vindicating the conclusions drawn from the 
results of Steinmetz and Hayden by the energy-storage method, 
of Townsend through his established theory of ionization 
by collision and of Baille-Paschen-Schuster by the critical spark¬ 
ing distances between metal spheres. 

3. The initial corona-forming voltage is proportional to the 

density of the atmosphere. . , 

4. An irregularity factor must be applied m the rational formula, 
for the initial corona voltage in the practical case_ because of 
turbulent elements that are not subject to systematic coordina¬ 
tion. Judgment with a knowledge of the conditions must be 
employed to determine the value of this irregularity factor. 

In addition thereto the paper gives the law governing the 
loss of power in corona about a high-tension transmission line 
as the voltage is elevated from the corona-starting value. Thu 
is likewhe of much importance. It will help the engineer to 
JnowS advance how much power will be lost by coronam.a 
high-tension transmission that must m emergencies or otherwise 
he onerated at a voltage above that which inaugurates corona. 
It ^altogether possible, too that Ugh-«aio» ^ 

mav be oDerated at critical corona voltage over strategic sec 

ssssasssK™ 


r v — r (l + - 


=r+0.301 Vf 


wherein r v is the radius of such corona envelope; 
wherein n J ^ of the conduct or. 
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It is a great satisfaction to find that the thickness of the 
initial corona envelope is a simple function of the radius of the 
conductor, because the rational derivation of the initial corona- 
forming voltage formula must include this thickness. There 
can be no question about, the integrity of this result, applicable 
to engineering sizes. There are at hand three independent 
checks, as follows: 

l)r, Whitehead's corona-starting surface-intensities arc given 
by the expression 

h -- — .12-1- 

v d 

which may be written in the form 

.X! (H-o** 

„ (1.21H, '• r 

wherein u is the corona striking distance or thickness of the 
initial corona envelope, corresponding to Mr. keek’s value: 

a « 0.1101 V r 

The eriliettl striking distunees between metal spheres in the 
normal atmosphere observed by continuous voltage many 
years ago* give tut average of 

a — 0.200 V r 

Mr. keek’s method for evaluating a has been applied to the 
surface-intensity values observed some years ago by the eon- 
rent rie cylinders visual method.f (Her accompanying diagram 
Fig. 1 .) * The resulting value of the initial corona thickness is 

a * 0.1110 'ir 


These arc all in. remarkable agreement, considering the cir¬ 
cumstances. Less confidence is placed in the last value than in 
the others. It is higher by live per cent, due more likely to the 
character of the surfaces of the conductors used than to cnois 
in observation. All settings were repeated several tunes; wave- 
forms were watched by means of a special oscillograph con¬ 
nected in series with the high-tension test circuit, also in senes 
with an air condenser across such circuit, besides, the maximunis 
of all high voltage waves were carefully ch ocked with needle 

*Tkvn".v uo\-. A. I. K. t'.-i l'.tll, Vol XXX, L I*- 
f Transactions A. 1. E. B>, 1004, Vol. XXIII. p. 101. 
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point spark gaps. It is not thought that these 1904 values ate 
erratic so much through errors of observation as suggests! by 
Dr. Whitehead in his present paper. I he cause is the 

condition of the surfaces of the brass rods used forJ 
0.2 inch. While clean in the ordinary sense they « -not 
“ clean ” as the present day corona term implies. It is a happy 
event to have this corona feature cleared up so well by Mr 
Peek It establishes the integrity of the rational formula foi 
the visual critical corona voltage, which is written by him thus: 



and as given in 


the January 1911, corona paper thus; 


Iter'll 


0.155 


wherein Emt 

k 

d 

a 

b 

l 

C 


. 17.9/; d+2a ...1(3) p. 09, Part \\ 

459+/ C 

= critical loss in kilovolts, effective sine-wave. 

(This is the same as visual critical voltage.) 
= factor selected by judgment guided by the results 
of practical tests and experience. 

= outer diameter of wires or cables in inches. 

— corona striking distance in inches obtained bom 
curve in Fig. 2, p. 4, Part I. 

= barometer, inches of mercury. 

= temperature, degs. fahr. ....... f , 

= capacity of the line in microtarads per 1UUU lea. 


I 


i 
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This applies to the single-phase line. For the three-phase 
line, Ecru and C are taken to neutral. 

Substituting Mr. Peek's function for the conductor radius, 
0.301 V r, for the corona striking distance of thickness of the 
initial corona envelope ( a ) the above formula [(3) p. 69] becomes 
in English measure 


E C rit~ 0.455 k 


17.9 b 
459+/ 


d+0.267 

C 


(3 a) 


or, in Mr. Peek's notation: 


e g — 0.455 m v 8 


d+ 0.267 V d 

C 


This is a somewhat more convenient form of the rational 
formula for use. One can take the values of C from the usual 
capacity tables in lieu of having to work out log.syV. This 
formula has now been checked for all conductor sizes varying 
from diameters of 0.005 to 0.5 of an inch, while there is good 
laboratory evidence through the critical surface intensities and 
striking distances found with spherical electrodes that the 
formula will be correct for all conductor diameters below 2.5 in. 

It is a matter, for the present at least, jnore of theoretical 
than of practical interest, that a = 0.189 V r does not hold for 
diameters much above 2.5 in. Where r —°°, i.£., with plate 
electrodes, this value for a becomes oo, while under these cir¬ 
cumstances the critical surface-intensity occurs at a striking 
distance already known to be 

a = 0.268 inch. 

Available evidence shows that the value of a as a function of 
the conductor radius or rather of the diameter d between the 
limits of d = 0.25 in. and d = °° will be found to be quite close to 


2 a = 


1.4 + 1.86 d 


2 d = 


1.4 


- 1.86 


• When d = co, 



a = 0.268 inch. 
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The corresponding rational formula for the critical visual 
corona voltage would be 


= 0.455 m v 


( 1+ n+r 


.86 d ) 


This formula is in close agreement with Mr. Peek’s correspond¬ 
ing formula for all diameters from 0.25 to 2.5 in. while it is 
probably quite correct for all larger diameters. As just stated, 
it is perhaps more of theoretical than of practical interest. 
However, it is in further support of the integrity of Mr. Peek's 
values, a = 0.189 'Jr, because the relation 


1.4+1.86 c? 

is known to be true for the largest diameter, d = oc, and at the 
same time covers his values between the limits d = 0.25 and 
d = 2.5 in. 

The critical striking distance a is now known, theretore, quite 
exactly between the limits of d = 0.005 and d = 0.5 in. and its 
function of the conductor diameter for all larger sizes is probably 
known within five per cent of the true values. 

Mr. Peek’s conclusions in regard to the values of the irregu¬ 
larity factor are important, based as they are on such extensive 
outdoor line tests. They are further supported by a considerable 
number of less comprehensive tests reported in the present 
Transactions.* His formulas (3) and (5) for “ disruptive critical 
voltage ” are rational in their derivation and their constants 
are now all known with fair exactness; exception is made for the 
irregularity factor (m v ), which m the nature of things must, m 
part at least, be settled by judgment The facts brought out m 
this paper are a great help to decide upon the value of this 
factor in most actual cases as they arise. In due course of time 
doubtless, more data will be brought forward to help one to 
decide upon this factor under the most tryingor extraordinary 
conditions These formulas (3) and (5) will hereafter be a 
reliable guide to the high-tension engineer m designing trans¬ 
mission lines so that waste of power m corona will be a\ oided. 
^The* 1 high-voltage measurements here reported upon were 
made on circuits operated with the neutral grounded Tins 

circuit , P under these circumstances, will vary, due 

at mosphere. Unless the 

“^Tnsactions A. I. e 7 E., liu7Vol. XXX, I, p. 70. 
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to wall'll the varviug effects upon initial corona values due to 
tin* electrification of tin* atmosphere surrounding a completely 
insulated high ■•tension circuit. such circuit should be grounded 

at tin* neutral. -, . r 

Tohn B. Whitehead: Before replying to the discussion oL 
mv own paper 1 shall comment briefly on that of Mr I eck. 

T f u> institute is to he congratulated on the mass of data which it 
contains and on tin* H1ht.i1 spirit of the company he represents 
not onlv in conducting the experiments, but in offering theiesults 
in the nrofession. Such experiments on a scale approaching the 
conditions of practise, paralleled by accurate laboratory in¬ 
vest muttons, will quickly settle the uncertainties of this gieat 
corona problem or indeed of any other of the many constantly 
lioinrt* us in tin* applications ol eketrieity, It is a great plcasuic 
Xltim! when* the work of Mr. Peek has coincided m sphere 
with mv own, the results are in such good agreement. „ 

The title of mv i>aper is the “ blectne Strength o •> • 

Tl„. word elrdrif indicates that the air is considered as regaids 
l H *havioi' under electric intensity or strain. 1 he wool di- 
t'it'rlrit " bv its origin and long usage refers to the inductive prop- 
,. r iv of a substance, which property has no delmite relation t 
, atmptivc strength. The term “dielectric strength 
therefore suggests the specific inductive capacity or pciM>* 
, unK , \\ m \i ,rf specific inductive capacity. 1 he Unti as atiopu 
l»v Mr Peek to dcseriln* the disruptive strength has been use« 
rather 'commonly in this country, but the ongin ami present 
sense of the word dii'lniru would seem to indicate that its u.c 
in this connection is a mistaken one. 

\ furthtnr question of terminology is suggested by the ■ 

.. v„lu K r." A., .Mined toMOW 

\\ u > m ,iiv*fuiitivi* uradienl M for air is constant; it is tin. same 1 

obvious objection to this definition lies m the lact tl^ T..^ 

will break down under tins gradient only m the . . 

. . , parallel planes, and that it may be subjeete 

t\ic°first breakdown occurs at a higher gradient than - k v. 

• n 'since it is certain that a higher gradient than -it) kv. 
cm'* ean'be a, plied to 

n'mlimliiw formula haa uo ruformum number), a «««> 
B "i)y' n i»«lud. ls the .luwlralic less curves backward to Ihc 
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voltage of zero loss Mr. Peek deduces a series of values of voltage 
gradient whose mean is very close to the value 30 kv. per cm. 
above referred to and this is his principle reason for defining 
this constant gradient as “ disruptive gradient ” as already dis¬ 
cussed. This approximate constancy is extremely interesting 
as there is no obvious reason why it should occur. It must be 
remembered, however, that the quadratic law is obeyed with great 
accuracy by all the observations on the upper portions of the 
curve, whereas there is a rather wide percentage variation among 
the gradients calculated as above described, almost too wide to 
be attributed to experimental error. Further, since the quadratic 
law. is deduced from the portion of the curve above the visual 
corona voltage, and since the latter is always greater than that 
corresponding to the constant term of my equation (1), it may 
be that the approximate agreement of the zero-loss-gradient, 
as obtained by extending the quadratic curve backward, and 
the constant term is fortuitous. . . 

A third reason for defining the “ disruptive critical voltage 
is that suggested by Mr. Davis in his experiments on the spark¬ 
ing voltage of two wires brought close together. He states 
that sparking sometimes takes place at lower voltages than 
those corresponding to corona voltage. I should be yer\ much 
interested to see a more detailed account of his experiments and 
observations. There are several evident reasons which might 
explain a lowering of the sparking voltage below that correspond- 
Mg to visual corona intensity. First, with para lei wires close 
together the equipotential gradient surfaces, if I ma\ use the 
tenn are not concentric with the wires. This means that the 
tot-il’ circumference of such a surface is greater m the case ot 
the i) arallelwir es than in the case of concentric cylinders 1 us 

seen that m the case oi largcj. , the breakdown takes 

wires in the case of concentric y n Q ther possible cause for 
place at a lower value o S ; d e drawing together of the 

lowering of the sparking g lack, of true straightness. 

■ " SEJSS " Stances -p- * 

Peek has accepted Ry^conclusionthaOhe diampl.vc 

critical voltage or rupturing gr,^ from his ex pemnems 

mosphenc pressure inversely as the absolute temperature, 

that these quantities vary inversely^ with the se conclu- 

My experiments are at f ne ither Mr. Peek’s nor my own 

sions. As regards ]£XnXTiftended to justify a discussion of 
experiments are sufficientlyX *f tressure, however, my paper 
their differences. In *>£“““ t £fSTthe relation between 
describes experiments showing tnar 
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critical gradient and pressure is linear, it is not one of direct 
proportionality, and further, the slope of the linear relation vanes 
with the size of wire. Dr. Steinmetz states that there is no real 
discrepancy, and explains m terms of his idea of the storage ol 
energy in an envelope of air around the wire. Among other 
things he states: “ At lower air densities the energy °f th | . 
electric field is less.” This idea is also adopted by Mr. Peck 
in a reference to the Hayden-Steinmetz paper m which Dr. 
Steinmetz first introduced it. The suggestion is a novel one 
but in the absence of confirmatory, experimental evidence 
further explanation of the form of the stored energy and of its 

relation tcf present physical theory, it is hardly possible that 
wifbe accented inVplanation of the 

discussing. Dr. Steinmetz makes some further mteresti ^ 
suggestions in his explanations in terms of the ionization theo • 
SI regrettable that he has no interest in this theory If there 
is one tking it does do it is to permit quantitative calculat , 
in the hands of Dr. Steinmetz, with his splendid power of analy sis 
T believe that many of our present uncertainties in this mos 
Lsdnating fieldWd be cleared up, and new Problems set 
tascinati g Ryan re marks that my conclusions as to 

““ “S ‘£STa d£SS!Sn'be P Ween “ partTorona ” 

his'SpTriment ^clS^lt^e different 

' ShSS. given in the present 

paper 0 P Je“itnt%T“ticTc^ditioS“and to supple- 

S““?sSy t0 by extensive £Ta “toe 

Sis sort has the advantage over a lon^operatmgta^ ^ md 

are no impossible corrections e tc., a i on g the line, 

variable elevations, we ^ er > t? ^ various conditions. The 
Thousands of readings were taken 1 necessaril very muc h con- 

present paper tho ^ fvas t § amount of material to discuss 
densed on account of the v conditions to be met with 

While the formulas given cover a Y nge of barometric 

" practise as fre = cy jange, go further into 

pressure, etc., it is hoped t the speculative and the- 

instance in the express,on: 


gv-=g 0 


1 + 


0.301 

■\/y 


«ad*!s $£?££ SS”-* ^ 
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test, Section VIII, of my paper. Dr. Whitehead is to be con¬ 
gratulated on the ingenious and accurate method which he has 
devised to determine the critical surface intensity and al>. 
upon the general arrangement of his data. In our laboratory 
tests we have preferred the visual method in determining *.h< 
critical intensity as it has been found to give consistent result - 
is easy of manipulation, and the effects of slight imperfections • : 
the conductor surface can be seen at once and eliminated. 
Steinmetz has pointed out that the discrepancies between 
Whitehead’s paper and mine are only apparent. _ Thus g dr if. 1 
be independent of the frequency and proportional to tin air 
density, but the visual critical gradient g r , covered by i >: 
Whitehead’s experiments, should be dependent on, and incre ase 
with the frequency, to some extent, as greater energy is stun i 
in the “ disruptive envelope ” for a given thickness, as the :r< - 
quency is raised. For a similar reason g, should probablv Mir 
more slowly than the air density. Thus theoretically both o ur. : ' 
should enter the constant 0.301 in the relation between g : an ■ 

(T n However, this correction is very small m the practical 
ranges of frequency and natural atmospheric conditions, i .a 
ionic theory can be nicely applied here, as Dr. Stem me,/. 

Professor Ryan have shown. 

Dr. Whitehead objects to the term disruptive critnV i *•- - 
t.lj-c ” As there is every evidence that two critical .ouaj* ~ 
exist ' they must be distinguished. The term was introduce . 
to separate this constant gradient critical voltage 
olreadv known visual critical voltage, lhe tanufc oi k.. 
of The disruptive critical voltage or a constant breahdmv. 

gradient^for ^^quadratic law gives a constant gradient. 

n , 0-301 

2 The eo in the equation e v -e 0 i_ r ^ 

volts per cm. discussion of Mr. Davis. 

4. The reason suggested in the “ s ^ s , sl °^ t t this constant 

All the values,agree m magnitude and point 

breakdown gradient. v-alues vary to a considerable 

Dr. Whitehead states that the.gowere not de- 

extent. It conductors in a 

termined on short length but'on weathered wires out of 

laboratory as were the & ^ a considerable range oi 

SceTon n ditDn U s a or 

discussed in the paper. . nh^ervations that the strength 

Mr. Hendricks’ experimental no t a maximum wr.er. 

of air between two concentric cylinders 
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U„. ratio of diameters is 2.7IK, as theory would at first seem to 
indirate, hut at a greater ratio, 1 think is what would be ex- 
neeted Tims before the spark-over potential is reached the 
Lmer cylinder has a much greater diameter, due to the con¬ 
ducting corona envelope, and the actual metallic ratio is not the 

U U p ' fcss<">r Rvan has added a very interesting and instructive 
dii ssiim (i special interest is the value of a that he has 
deduced ’ Thus lie has taken values from Ins paper of l.H>4 and 
, Led values of «. the thickness of the “ energy envelope , 
l v the method described in my paper, for comparison. Lh 
7 . Mui.Mm.nt between these values and those of the present 

* , US< ‘,-einarkahle. Professor Ryan has also shown that 
llus is in Lavement with measurements made on spheres some 
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HIGH-TENSION TRANSMISSION 


Introduction 

BY PERCY H. THOMAS 

The High-Tension Transmission Committee this year wished 
to give opportunity for the consideration of matters pertaining 
to the design and operation of extra high tension transmission 
systems, that is, systems of 80,000 volts or higher. As we have 
a number of these systems in actual operation, the time appears 
ripe for a first discussion or interchange of ideas on this subject. 
The committee during the early part of the year sent out a In. 
of questions to some seven plants, which are operating at sum 
voltages with a request for brief categorical answers to tnc 
qSons which haJ been prepared The coinmitt.ee has re¬ 
ceived from Messrs. Jollyman, Lee, Hebgen and Hanscom 
four following communications. 

The original questions were as follows: 

1. Do you operate with a grounded neutral? If so, with or without 

r0 l!XvSseoveAead gmund wire Jf so how many and how spaced 

and how frequently grounded? fial o£ con ductor, spacing of con- 

3. Standard span, leng > ,, , Also, data on special spans of 

ductors, clearance from the earth, etc. mso, ua 

interest. _ v, n w freauent, its effects on the system. 

t: =tS““ut«n« 

N„« .„>• i« 

charging cirrrent. ^ „ leotr icH nnd mechanical. .winging of 

<*—«***• -"■* 

and ioad current type of switch used carrent . is there synchronous 

q Shroolv and control ol niia ? a • crpnerator and tra.nt> _ 

as?Mrgs-“^sL jssar-i*— —— - 

""If gStaE S electrolytic amfother" high-tension arresters. 

11 Experience with wind and sleet. 
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13'. Experience with telephone communication and disturbance thereof. 

14. Regulation. „ . , 

I 5 ; Notes on towers, type, foundations, corrosion, etc. 

16. How long has your system been operating at its present voltage? 

I will take a few minutes to bring out some of the matters which 
appear to be of greatest interest in these reports, and make some 
comments based on other data The general conelus.on from 
these communications seems to be that the operation of 80 TOO 
and 100 000 volt systems is satisfactory, not that operation is 
perfect in all cases, but that it is as satisfactory as operation 

at It*'appearsffrom the actual experiences of these plants that 
some of them are very close to the practical corona limit. Al¬ 
though no plant is actually handicapped m its operation by 
corona loss, there is good evidence that the voltage could not be 
greatly raised in these cases without a serious loss We can 
now figure quite closely, however, m future plants on the results 

we may expect to get. ■ - - . r 

The feature of greatest interest is the operation and design o 
the constructions utilizing conductors hung on suspended insu¬ 
lators, conductors which are not mechanically ngi y 
to the tower at the insulator, as with the pm type. You will all 
recognize that wires suspended in this manner become what 
may be called an elastic medium, that is, if there is a displacement 
in the wire at any tower, lengthwise or sideways, there is a re¬ 
turning force, which gives the effect of elasticity to the wires. 
The wires also have inertia. We have, then, elasticity and inertia, 
which are two quantities necessary to produce wave motion 
in any other mechanical device. Elasticity and inertia cor¬ 
respond to capacity and inductance, respectively, m transmission 
circuits. 

We must then consider whether we are to experience m sus¬ 
pended conductors the sort of waves that we have found so 
troublesome in alternating circuits. Contrary to the first ex¬ 
pectations of the engineers laying out suspended inductors, it 
turns out that trouble from these waves _ is to be apprehended 
in some cases. Some of our plants it is true have operated 
without a suspicion of trouble from mechanical waves, or me¬ 
chanical motions of suspended conductors, but others have had 
difficulties, and it becomes of importance to outline and set 
forth and study, especially study, what are the conditions which 
will magnify the effects of mechanical waves and which will 
restrain them; also under what conditions they may be expected 

to be serious. . ,. 

The laws of wave motion are well worked out m otner direc¬ 
tions. They may be briefly summarized by saying that a^wave 
in any system, passing along on a uniform conductor, will tend 
to maintain its velocity and its amplitude, except for friction 
losses, until it strikes a reflecting point or dividing point, it it 
strikes a point of total reflection, that is, a rigid support, the wave 
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will be returned in the reverse direction without losing strength 
by the reflection, but at the reflecting point there is a strain 
of double amplitude. With a recurrent source of waves and a 
reflecting point, there will be outcoming and returning waves, 
continually passing and re-passing, and where they pass_ they 
make stationary waves of double magnitude. Any particular 
suspended transmission conductor will have a definite period > i 
swing. It swings like a pendulum. The velocity of these 
waves passing along will be relatively small. 

When any point of the transmission line is thrown to one .-bl¬ 
and released, it produces a wave, or if it is thrown and suspend*. 1 
in the thrown position, the first act of throwing sends a wave 


along the line. 

We must consider the matter of resonance. It tor any cause 
we have a portion of a line swinging in a definite period, waves 
will be sent along the line, and if they are reflected and return, 
to the original point, there may be a building up of the amplitude 
of the swing, as with a coil and condenser, or any other form ot 
resonance. This condition is not likely to occur very often m 
suspended conductors. The independent constant source ot 
energy which will maintain an exciting oscillation is likel\ to be 
absent There might be a case where a line of heavy mass has 
been set swinging, and some line of lesser mass is connected to u, 
-,nd in that case the stored energy in the swinging of the heavier 
mass may serve to send out a number of impulses into the branch 


“ Wta? if £“32 StSStaS &e ol the swing? In 

if the suspending connection, the cha f conductor rapidly rises 

length of the P end ^.; S „ s S ^e side, and the motion becomes 
against gravity as it sw g t q{ thg support ing chain is long, 
a short motion. It the leng feet will be greater. The 

however, the amplitude of the sw g sam6; but the amplitude 

amplitude in angular deg instead of using the necessary four 

in feet will be greater. . Thus, rtmste&aotns ^ of safety 1S 

suspension insulators, m a‘ “jj®. sulat ors are used, there would 
demanded and seven ® | swing from the added disks 

“S 3 °‘yone trouble there 

would be danger of getting /tone a good deal to do 

The length of the spa: n ^ P sag - w iil be greater on long spans, 
with the amplitude, b ®^ S tb g h gam f reasoning, the greater will be 

i- tha center of the span; that is. 
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if you take a small conductor, and to keep within its streap! It you 
use a very great sag, that sag exposes the line to a much wider 
amplitude of swing for a given disturbing impulse than a line 
with a lesser sag, and that is a fact to he borne carefully in mind 
in design work. This condition may in some eases he the 
limiting factor in determining the length of spun with small wiies. 

There is another difficulty, which is shown in t he aeeompanyiiu- 
sketch. Suppose the custom of the country would naturally give 
us a very long span as shown at, A and suppose this is a little too 
long and ;i tower is placed at, the point /'. making the contour 
like the line B. If it were not for the central support, the 
tendency would he for the line to have a long swing at I he point /’, 
corresponding to the long span, because it has a large sag from’ 
the point of support. The effect of the lower at the point /’ 
is to relieve the long span o! only a small portion of its weight. 
That is, if the line starts to swing at; the center the weight sup¬ 
ported by the tower at P has very little restraining force and the 
energy of the main portion of the span may carry ’t he conductor 
U 1 * against the cross arm. 1 his is a real danger and a matter 
which is very easily overlooked in laying out a line. He very 
sure that there is a sufficient, weight hanging on t he intermediate 
insulator so that as the wire rises at this insulator due to the re¬ 




straint of the short link, a sufficient, weight is aliened o that 
there is a big natural returning force. 

1 here is another situation with suspended conductor;, which 
tends to give trouble. Assume a two-circuit line, \yiih two over¬ 
head ground wires, the ground wires being steel and the hue 
conductors aluminum. If, now, swinging is set up the steel and 
the aluminum will not, swing in the same lime period and clear- 
anee must be provided for the most, unfavorable positions of 
various conductors. 

Ordinarily in systems of suspended conductors there is very 
httle swinging, and what occurs is apt. to be very slow and steady, 
but there do come conditions in which the oscillations are not 
umiorm and in which they are very severe. Wind is, of course, 
the chief exciting cause. It. is not, however, necessarily the onlv 
exciting cause. There is the possible elfect of current on the 
swinging of suspended conductors. With a short circuit on two 
parallel wires of a circuit., the wires would tend to spread. If 
you have two loops, one on each side of a system, situated parallel, 
a short-circuit may tend to spread both wires and bring together 
the two inside wires or throw them against some other'wire. 
1 he spreading force depends on the square of the current and is 
thus not, very large with very high tension systems, except when 
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of enormous capacity. To show what may occur in some instances, 
however, I will tell of one instance, which occurred on a 10,000- 
volt plant. There were two wires something like 20 or 
30 in. apart with spans of about 150 feet. A short-circuit 
occurred somewhere on this line, a short way from the power 
house, and the force of repulsion, due to the short-circuit cur¬ 
rent, was sufficiently great to separate the wires under great 
tension, storing considerable energy in the elasticity of the wire. 
The action of a circuit breaker cutting off the current allowed 
these wires to come together until they wrapped around each 
other, and stayed permanently there, and a good deal of force 
was required to unwind them. A force of that magnitude, in 
most of our present suspended conductors, would make trouble, 
but, of course, on 50,000 or 100,000-volt systems, no such currents 
are obtainable as are met with near a large power house on a 
10,000-volt circuit. 

There is still another point which must be borne in mind in 
connection with suspended conductors. If we have a short 
span and a long span adjacent, and these two spans are set 
with the suspension link vertical on a warm day, in cold weather 
these spans are much tighter, and the stresses will no longer be 
equal on account of the difference in lengths of the spans. The 
wire will thus pull toward the shorter span as the temperature 
gets lower. If the spans are long this may pull the insulator 
far out of plumb, reducing somewhat the clearance, and throwing 
twisting strains on the cross arm. That is one of the object- 
tions to having a long span and a short span closely adjacent. 

Mr. Hebgen, I believe, suggested providing for slipping of a 
clamp on the conductor, changing its location as between hot 
weather and cold weather. That might be a practicable thing 
to do. 

There are many other interesting points brought out in these 
communications, which I will not take the time to mention. 
The maximum span is about 3,000 feet. Telephone lines are 
successfully operated through split inductance. The matter of 
tower foundations is called to our attention—do not sit in the 
office and prescribe a certain type of foundation for the whole 
line, to be used both in rock bottom and in the marshes. It is 
necessary to consider each foundation in the light of the character 
of the ground, and not only the character of the ground when 
inspected, but the condition it is likely to be in at the worst 
time of year. 

The experience with lightning appears to be the same as with 
the ordinary high-tension lines. Some plants had trouble, and 
others did not. There are some cases where the hooks in cement 
types of insulators have pulled out. Sleet has been reported 
weighing 1.9 lb. per running foot on No. 0 wire. This means 
over two inches in diameter, outside of the wire, if symmetrically 
spaced. One report was brought in of six inches of sleet, but the 
manager of the plant suggested that “ possibly that was an 
exaggeration.” 
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TRANSMISSION SYSTEM OF THE GREAT WESTERN 
POWER COMPANY 


BY J. P. JOLLYMAN 


The Great Western Power Company operates a long-distance, 
extra high-tension transmission system which extends from its 
hydroelectric plant at Big Bend, 16 miles north of Oroville, 
Cal., to Oakland, Cal. The nominal line voltage is 100,000, at 
60 cycles. The length of the main line is 153.6 miles. A branch 
line 1.1 miles long taps the main line 136.5 miles from Big Bend. 
Both the main and branch lines are double circuit. Both are 
supported on steel towers. 

1. The high-tension sides of all the transformers are delta 
connected. There is no connection to ground, except through 
the electrolytic lightning arresters. 

2. One ground wire, supported on the apex of the towers, is 
used. This is grounded at every tower. 

3. The standard span is 750 feet. 3/0, seven-strand copper 
cable is used on the main line, No. 6 copper on the branch. 
Each circuit is completely transposed about every 10 miles. 
The arrangement of the conductors is shown in Fig. 1. 

The longest span with regular towers and cable is 1998 feet. 
The longest span is 2740 feet. This is across the San Joaquin 
River near Antioch. Special towers are used. The conductors 
clear high water 125 feet. The six conductors are in a hori¬ 
zontal plane, 15 feet apart. 

4. We have never yet had any lightning whatever. 

5. The measured value of the charging current is very nearly 
the same as the value determined by using the ordinary formula 
for charging current based on the capacity of two parallel con- 

1994 
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ductors. The distance between the conductors is taken as the 
average distance of 13.33 feet. 


VALUES OF CHARGING CURRENT 


Volts at 

Big Bend 

— 

Computed 

current 

Obsei 

Current 

ved 

Kv-a. 

70,000 

35.7 

36.0 

4360 

80,000 

40.8 

41.5 

5750 

90,000 

46 

47 

7330 


6. Line insulators used. G. E. strain type, Locke strain type, 
Thomas strain and suspension types. Only three or four insu¬ 
lators have broken down during the past year. In no case have 
we any reason to believe that the insulator may not have been 
damaged mechanically before it failed electrically. We consider 
that the suspension insulator is a success. 



We have had no trouble with swinging of conductors with 
.suspension insulators. 

7. G. E. type T and type K-10 oil switches are both used. 
We have had no difficulty in opening load, short-circuit or charg¬ 
ing current. The indications are that these switches could be 
safely used on a considerably larger system than we now operate. 

8. We have all kinds of load connected to our system, includ¬ 
ing synchronous motors. No attempt is made to neutralize the 
charging current by reducing the field on any synchronous load. 
Under ordinary conditions the power factor at the generating 
station is nearly unity. 

For the convenience, speed and safety of operation, each 
generating unit should have a capacity of at least equal to the 
charging current of one line. In our case this means units of 
about 10,000 kw. We have at present four 10,000-kw. generators 
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at Big Bend, each with a 10,000-kw., three-phase transformer. 
The station is planned to ultimately contain eight 10,000-kw. 
units. 

9. Transformer Terminals. Oil-filled terminals were supplied. 
It has been found difficult to maintain them free from the possi¬ 
bility of leakage. They have been refilled with compounds 
designed to reduce the chance of leakage. 

Oil Switch Terminals. We have used compound-filled terminals. 
Experience has shown that compounds for use in high-tension 
terminals must be very carefully tested in practical operation 
before their suitability can be definitely decided upon. 

Outlets. The outlets from our buildings are primarily com¬ 
posed of plate glass windows five feet square, through the center 
of which the conductor passes. Various arrangements of extra 
insulation around the conductor have been tried. Our experi¬ 
ence seems to show that the best arrangement of plate glass 
windows is to use a bare conductor of large diameter and leave as 
large an opening around the conductor as climatic conditions 
permit. The window should be so protected that rain may not 
run over the surface of the glass. 

10. We are using electrolytic lightning arresters at each end of 
the main line. Having had no lightning, we have had no ex¬ 
perience with them as lightning arresters. We have operated 
one circuit without lightning arresters at either end for some 
time. Our experience has shown that they can not absorb 
much energy without being damaged and therefore their critical 
voltage must be higher than any dynamic voltage that may ever 
occur upon the system. 

11. We have had no sleet, nor any trouble from wind since 
the line was finished. 

12. There is no appreciable corona effect on the main line. 
Probably no very great increase in voltage would produce corona 
on the branch line of No. 6 copper wire. No part of the line is 
over 2,000 feet elevation above sea level. 

13. The telephone line is strung on the towers. In regular 
spans it is supported by three hangers which are carried by a 

SET*? meSSenger cable ' Dra inage coils consisting of the 
2-00-volt winding of a two-kw. transformer with the center point 
grounded are used at both ends and in the center of the line. 
These reduce the voltage to ground of the telephone line to a 
very low value, probably less than 100 volts. This obviates the 
necessity for especially high insulation and reduces the noise due 
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to unequal leakage. Highly insulated repeating coils are used 
u eie connections are made to telephones at which it is im¬ 
possible to insure adequate insulation to ground of the person 
using the instrument. The telephone line is transposed at 
every tower where the towers are evenly spaced. Where the 
tower spacing is uneven the distance between transpositions is 
made as even as possible. The service obtained from this line 
is very satisfactory and is not more than momentarily inter¬ 
rupted by disturbances on the power line. 

14 The only difficulty in maintaining satisfactory voltage 
regulation is at times when changes in load amounting to a large 
percentage of the total occur suddenly. 

15. Steel towers whose general dimensions are given in Fig. 1 
are used. Foundations suitable to the character of the ground 
must be used. Piles are used in very soft ground, cut off below 
the ground water level. The tower footing is attached to the top 
of the pile. All the tower footings are set in concrete. There 
have been no signs of corrosion in two years. 

16. The system has been operated at 100,000 volts since 
November 1, 1909. 


General Comments 

Our experience indicates that the following points should 
receive special attention when planning an extra high tension, 
long distance transmission system: 

Generator capacity to handle the charging current. 

Provision for the proper control of the system under all possible 
emergency conditions. 

. delta 0 P er ation is contemplated, insulation should be pro¬ 
vided that will safely withstand the full delta voltage. The 
insulation should be of a character especially adapted to with¬ 
stand transient voltage strains considerably in excess of the delta 
voltage. 


.4 communication presented at the 28th Annual 
Convention of the American Institute of Electrical 
Engineers, Chicago, III., June 29, 1911. 
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TRANSMISSION SYSTEM OF THE SOUTHERN POWER 

COMPANY 

BY W. S. LEE 

The following data are submitted in regard to the operation 
of the high-tension transmission lines of the Southern Power 
Company, of Charlotte, N. C. 

1. 100,000 volt system. Transformers for stepping up delta- 
connected on 44,000-volt side and star-connected on 100,000- 
volt side, with neutral grounded. No resistance. 44,000-volt 
system is delta-delta non-grounded. 

2. Overhead ground wires are used. One from peak to peak 
of the twin circuit steel towers upon which the two three-phase 
circuits are arranged in vertical planes, one on each side of each 
tow r er. Towers are not set in concrete, thus the ground wire is 
grounded at each tower, as each of the four legs is set about eight 
feet in the earth. Ground wire is f-in. S. M. strand. 

3. Conductors are 2/0 seven-strand copper and 2/0 seven- 
strand aluminum. Our standard span on 100,000-volt circuit 
is 600 ft., and we always have 20 ft. clearance at the middle point 
of sag. We use both copper and aluminum and make very little 
difference in sag. On 100,000-volt towers there are two circuits; 
three wires held vertically on each side of towers. Length of 
cross-arm 15 ft. 10 in. on old towers, 18 ft. 4 in. on new towers. 
Vertical distance between cross-arms 8 ft. 4 in. on old towers, 
10 ft. 6 in. on new towers. We have many spans over 1000 ft. 
long and several 1500-ft. and 1600-ft. spans in both the copper 
and aluminum. We use strain towers at each end of these spans 
and keep the strain on the conductor the same as on the short 
spans. 

4. Frequent lightning storms. The 100,000-volt lines stood 
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the lightning better the one season since they have been in 
service than the lower voltage lines. 

. From January 1, 1910 to date the Great Falls-Greenville 
line, 96f miles long, 858 towers, had eight shut-downs due to 
lightning damaging either the 100,000-volt apparatus or lines. 
Time lost, 39 minutes. 

From January 1, 1910 to date the Great Falls-Greensboro 
line, 161 miles long, of which 18 miles is a branch 100,000-volt 
pole line with 338 poles—main line with 1300 towers—had 14 
shut-downs due to lightning damaging 100,000-volt apparatus 
or lines. Time lost, 59 minutes. 

5. The only time the charging current was measured was when 
we started up the first 143 miles. We had 88,000 volts at the 
step-up transformers and we measured on the 2440-volt side of 
the transformers 1436 amperes, which is 6185 kv-a. The cal- 
culated current is 1450. This was on 2/0 copper at 60 cycles. 

6. Some hooks have pulled out of insulators; these were the 
only defects we have found. We have never had a line put out 
of service due to failure of insulators, except during a sleet 
storm when three hooks pulled out. Insulators swing with the 
me m the wind. We have had no trouble from circuits on op¬ 
posite sides of the tower swinging together and have never ob¬ 
served any dangerous or noticeable tendency to do so. 

7. G. A. type switches with condenser terminals are used. There 
has been no more trouble switching and handling the 100,000- 
volt line than we had with our 44,000-volt and 10,000-volt 
lines. . The same methods of operation, repair, control’and dis¬ 
tribution used on the 100,000-volt line as on other lines. There 
are 13 100,000-volt substations, in most of which transformation 
is made direct from 100,000 volts to 2300 volts by a bank of 
three 1000-kw. transformers, connected delta-delta. 

8. There is practically no synchronous receiving apparatus 
on the lines. The minimum size of transformers is 1,000 kv-a 
The minimum size of generators is 750 kw. in the Catawba plant 
which is often in parallel with other stations, all of which supply 
the 100,000-volt transformers from the 44,000-volt system. The 
smallest generators ever used exclusively on 100,000-volt lines 
are 3,000 kw. and never less than three for the two lines. 

22 .3,000-kw. generators 


4.. 900 “ 

4. 750 “ 


are connected to the 44,000-volt system from which the 100,000- 
volt system is derived through six 4000-kv-a. transformers. 







PROJECTED TRANSMISSION LINES. 
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9. Porcelain bushings set into 5-ft. square slate slabs are used 
as outlets. . Only one has broken down, and this was caused by 
bushing being cracked. There has been very little trouble with 
terminals except in a few damp places. 

10* Two sets of 100,000-volt electrolytic arresters, each 
consisting of four units, are in successful and satisfactory opera¬ 
tion. 

11* Wm-d. has caused no trouble whatever, and outside of three 
hooks pulling out soon after the line was put up, sleet has caused 
no trouble. 

12. Have no corona effects except that in one case a very high 
resistance ground through a line entrance bushing caused the 
small No. 2 copper equivalent aluminum to glow. 

13. We have had more telephone disturbance than with any 
other line. 

14. In regard to the matter of voltage regulation, there is no 
distinction between the 100,000-volt lines and the 44,000-volt 
lines. 

15. The towers which are set in earth have been erected about 
18 months and have given no trouble because of corrosion or 
through unstable anchorages. 

1909* ^ haVe been ° perating at 100 > 000 volts sin ce October 24, 
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TRANSMISSION SYSTEM OF THE GREAT FALLS 
POWER COMPANY 


BY M. HEBGEN 


The Great Falls Power Company is at present operating a 
total of 282 miles of transmission line at 100,000 volts. The 
principal transmission is from Great Falls to Butte, Montana, 
a distance of 130 miles. Over this distance two separate, single¬ 
circuit, tower lines are used, a single line being extended from 
Butte to Anaconda, a distance of 22 miles. 

1. All transformers connected to the system are delta-con¬ 
nected, this form of connection being very satisfactory in every 
way. 

2. Above the transmission wires are located two ground wires 
consisting of f-in. seven-wire, Siemens Martin steel strand, gal¬ 
vanized. These ground wires are clamped to the steel towers 
and are thus grounded at every tower through the tower legs. 
The tower legs extend six feet into the earth, and ter mina te 
in flat steel feet, which act as ground plates. No additional 
ground is provided. 

3. The standard span for level country is 600 ft. In hilly 
country, however, there is no regularity in the length of the spans, 
and spans of from 1000 to 2000 ft. are common, no special con¬ 
struction being employed except to side-guy the towers. The 
conductors are spaced 10 ft. 4 in., and all three conductors He 
in a horizontal plane with no transpositions whatever. The 
conductor is No. 0 B. & S. gauge, six-wire, hard drawn copper 
strand with hemp center. The normal clearance of wires from 
the earth is 29 feet. 

. The lon g est span in the line is 3034 ft., and occurs at the cross¬ 
ing of the Missouri River. In this span f-in., Siemens Martin 
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steel strand is substituted for the copper conductors, and 
spacing of 20 ft. between wires is employed, two conductors 
only being supported by each tower. Standard towers and 
insulators were used, the insulators being doubled. 

4. During the summer severe lightning storms are frequent in 
the vicinity of the line, and several of these have occurred sin Ce 
the line was put in commission at 100,000 volts, but as yet no 
shut-downs have been occasioned by lightning and only mild 
discharges have taken place over the lightning arresters. It j s 
believed that the overhead ground wires are largely responsible 
for this immunity from lightning. 

5. The charging current of 130 miles of single line at 60 cycles 
and 100,000 volts at the generating end is 39 amperes per wi re 
or 0.3 ampere per mile. This current was measured directly 
with a high-voltage ammeter, and checks closely with the cal 
culated charging current. 

6* insulators used are of the suspension type and consist 
of six units, 10 in. in diameter, with the under side of each unit 
corrugated. The caps and pins are cemented to the porcelain 
with Portland cement. The insulators have an ultimate strength 
of approximately 10,000 lb. and will flash over, wet, at somewhat 
over 300,000 volts. Up to the present time there has not been a 
single insulator failure, either mechanical or electrical. 

It is true that shortly after the line was erected an insulator 
wa s shot in two by a high powered rifle, the bullet cutting a deep 
groove in the forged steel pin, cutting in two the clevis ears and 
destroying the porcelain of one unit. This, however, could 
hardly be classed as a failure. 

No difficulty has been experienced with the insulators swinging 
in the wind. With a 60-mile wind blowing at right angles to 
the line it is believed that the insulators will swing side-ways and 
stand at an angle of approximately 40 deg. with the vertical. 
The maximum deflection observed so far, however, has not been 
over 30 deg. A considerable deflection has been noticed in 
insulators which are located between a long span and a short 
span, due to changes in temperature. The tension in a short 
span varies more with changes in temperature than does the 
tension in a long span, consequently during cold weather the 
insulators deflect along the line toward the short span while in 
hot weather the deflection is in the opposite direction. This 
action deserves considerable attention, and to accommodate the 
different positions of the insulator at different times of the year 
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a wire clamp should be employed with a long bearing surface >>n 
the wire and a relatively short distance between the wire and t la- 
hinged point which supports the clamp. This form of damp is 
desirable to prevent a sharp bend in the wire when the insulator 
stands at either extreme of its swing. 

7. The line is controlled at each end by l(MMH)()-volt nil 
switches, solenoid operated, having a double vertical break. 'Flu- 
switches are top-connected through oil filled bushings. Those 
switches have been entirely satisfactory and have readily broken 
the short-circuit current supplied by the 21,000-kilowall plant 
feeding the lines. To sectionalize the line 1 out-doors, double air 
break switches are used of the three-pole, revolving arm type. 
The switch blades and jaws arc mounted upon pedestal insulator . 
made up of six insulator units in series very similar to the regular 
suspension insulators except that the cap of one unit is extendi d 
upward to form the pin of the next, thus making the insulators 
as a whole rigid. These switches have not as yet been used to 
break any charging current but front the standpoint of good 
insulation and mechanical strength and ease of operation they 
have been very satisfactory. 

8. The charging current of the line is at present entirely 
supplied by the main generating plant, which has a total eu 
pacity of 21,000 kw., divided into six generating units of ;i,bno 
kw. each. 

The output of two generating units is utilized near the geo 
erating plant, consequently there are at present installed „u!»- 
four banks of 100,000-volt step-up transformers, each bank having 
a capacity of 3,600 kw. The charging current of one line h 
well above the normal rated capacity of one generating unit 
it has been found, however, that, one generating unit and bank 
of transformers can readily supply the charging current. o| one 
line tor a short time. 

The plant is now fully loaded with an induction motor load 
and the lagging current taken by the induction motors so nearly 
balances the charging current of the line that the power facto, 
at the generating plant averages 99 per cent. 

tnrl h ? e V inStalle< ? in Butte thrce I2CKM..P. synchronous mo 
tors direct-connected to air compressors. These are not vet 

connected to the line but will be in a short time, and it is ex 
Butte! ^ ^ WlH md SHghtly in re « ulati «S the voltage at 


9. The 100,000-volt outlets at the Rainbow 


Plant and at the 
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Butte substation, as well as the switching station at the middle of 
the line, are through the roofs of the buildings. Oil-filled porce- 
lam bushings are used, and these have proved entirely satisfac- 

^° ry : AJ 1 tran sformer bushings and switch bushings are oil- 
filled and as yet have caused no trouble. 

10. Electrolytic lightning arresters are used at both ends of the 
line and m the middle, the latter being installed in the switching 
station. These arresters have discharged during lightning 
storms, and usually discharge when any high-tension switching is 

The original pedestal insulators upon which the horn gaps for 
t ese arresters were mounted proved weak mechanically. Two 
insulators broke off at the bottom connection without apparent 
cause. These have since been replaced with the type of insu- 
ator used on the line-sectionalizing switches and no further 
trouble lias been experienced. 

H.. The line has successfully withstood winds estimated at 
miles per hour, and has been through one sleet storm where 
sleet formed on the wires “ to a diameter of six inches ” as 

reported by one patrolman. This, however, was doubtless’ an 
exaggeration. 

12 When the line was first put in commission corona was 
plainly visible on every live part of the system. The corona 
gradually became less until after about three weeks no corona at 
all was visible except in a few places in the stations, such as 
t e points of switch blades and other sharp projections. It is 
believed that this corona formed on small points or other rou°h- 
nesses caused by the rough handling of the wire and that these 
have gradually worn off or burned off. 

13. A private telephone line parallels the transmission line 
from Great Falls to Butte. This line is erected on wooden poles 
and runs midway between the two tower lines at a distance of 
30 ft. from each. There was considerable static and much noise 
on this line when first put into operation. Reactance coils 
bridged across the line with their middle points grounded were 
installed at each end of the line and in the middle, and these 
reduced the induced voltage to about 50 volts between wires and 
ground, and did away almost altogether with the noise. The 
line now gives excellent service, and is easier to talk over 
than the lines of the Bell Company. 

14. At no load there is a rise in voltage on the line of 3.5 per 
cent. With a load of 15,000 kw. at 85 per cent power factor on 
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the two lines the drop in voltage is 7 per cent. With all this 
load on one line the drop in voltage is 17.5 per cent. Waps are 
provided on the high-tension winding of the step-up and .step- 
down transformers, and the step-down transformers are con¬ 
nected on a 10 per cent lower tap than are the step-up transform¬ 
ers, thus compensating for a drop of 10 per cent. When it is 
necessary to carry the full load on one line the generating plant 
raises its voltage 10.5 per cent to take care of the additional drop. 

The switching station, which has been referred to, will pro¬ 
vide a cross-over in the middle of the line so that it will bo neces¬ 
sary to cut out only half of one line in case of accident.. This 
will considerably improve the regulation of the line as a whole. 

15. The towers have four legs and a single horizontal cross 
arm. The wires are supported at the two ends and in the 
middle of the cross arm and hang 40 ft. from the ground at the 
tower. The cross arm is supported at two points, each midway 
between the middle wire and the outside wire. The two ground 
wires are supported above the cross arm near its points of support. 

The tower is composed entirely of angles and flats, all connec¬ 
tions being by means of bolts. The cross arm is made of two 
4-in. channels placed back to back and separated in the middle. 
The tower is erected on four angle iron stubs set six feet in the 
ground, the bottoms of these stubs terminating in (kit feet, made 
of short pieces of channel section having an area of 144 sq. in, 
each. All parts of the tower are galvanized. 

16. The system has been operating at 100,000 volts for six 
months and nothing has developed as yet to indicate that, the 
operation of a 100,000-volt system is any more difficult titan the 
operation of a 50,000-volt system. On the other hand, it, is 
believed that the extra high insulation provided for this voltage 
prevents many breakdowns, due to lightning and surges, which 
would occur on a system operating at 50,000 or 60,000 volts with 
insulators designed for a factor of safety of two or three, as is 
common with such systems. 

After all, the normal voltage of a long transmission system has 
little to do with the voltage which must be insulated against. 
It is the abnormal voltages, caused by lightning, switching and 
accidental grounds, which really test the insulation of a system 
such as this. 
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TRANSMISSION SYSTEM OP THE CENTRAL 
COLORADO POWER CO. 


BY P. T. HANSCOM 

1* The transformers at the Glen wood' power house and at all 
substations are delta-connected. The transformers at the 
Boulder power house are Y-connected on account of better 
voltage ratio, and are operated with ungrounded neutral. 



2. Two ground wires are used throughout on the Boulder line 
and for a distance of five miles from any station on the Glenwood 
line, also between Leadville and Dillon and across the Argentine 
and Haggerman Passes. The wires are grounded at each tower 
and spaced as shown in Fig. 1. 

3. The standard span is 660 ft. and the average throughout 
the lines 750 ft. 
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The conductors on the Glenwood line are No. 0 B. & S. 
copper, composed of six strands with a hemp center, except 
between Leadville and Dillon where the conductors are No. 1 
copper. The Boulder line is also No. 1 copper. 

The conductors are drawn to an elastic limit of 35,000 lb. per 
sq. in. and ultimate strength of 60,000 lb. per sq. in. 

There are a number of spans between 1,500 ft. and 2,000 ft. 
and one span of about 2,900 ft. with standard copper conductors. 

At some of the railroad crossings and in a few spans, exposed 
to severe winds, §-in. high-strength stranded steel cable is used 
for conductors. 

4. The records of the operating department show It) inter¬ 
ruptions from lightning during the season of 1910 from 03 re¬ 
corded lightning storms on the high-tension lines. 

The records of the operating department are as follows: 

Central Colorado Power Comi*\nv 

Record of lightning storms, June 1 to November 1, HM0 
June 13. In the afternoon lightning storms wen* general over all t Vnf ral 
Colorado Power Company’s lines; no disturbance on < % an 
pany’s system during the day. 

June 14. Lightning and rain east of Argentine Pas;;; high wind*, he 
tween Leadville and Dillon. Lightning lasted about six 
hours. A disturbance interrupted Dillon and Denver serve e 
once. On patrol next day broken insulator discs wen* found 
at the following towers near Leadville; Nos, :;72, Tbs, as 1 
and 43o. these were repaired later dating a prearranged dint 
down, service being maintained over them in tin* meantime. 
The transmission line was not dead during the day. 

June 15. From 8:00 to 9:00 p.m. heavy lightning storm on Argentim 
Pass. One disturbance caused by a discharge to tower 752 
from the clips of the disconnecting switch, This are mused 
a shut-down on the transmission line of 3 min,, bring flu* only 
disturbance experienced during the storm, 

June 10. Lightning and snow on Argentine Pass, No dhfurtum e on 
line. 

June 17. Lightning and ruin on Argentine- Pass. No disturl.au. <■ on 
line. 

June 18. Lightning and rain on Argentine Pass, at Idaho Spring., and 
around Boulder. Generally stormy along Eastern Slope. 
No disturbance on system. 

June 20. Lightning and rain on west side of Argentine Pass, Between 
Dillon and Leadville and west of ifagerumn Pass. No dis 
trans mission line. One slight disturbnnee on 
U,000-volt feeder out of Dillon substation. (diselturge „„ 
13,000-volt circuit in the Boulder district about. ft j„ 
terrupting one customer. 
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June 21. 
June 22. 
June 23. 
June 24. 
June 27. 


June 28. 


June 29. 


June 30. 

July 1. 
July 3. 

July 11. 
July 12. 
July 16. 
July 17. 
July 18. 


Severe lightning around Barker and other parts of Boulder 
district. No disturbance on line. 

Lightning around Golden and Idaho Springs. No disturbance 
on system. 

Cloudy, with lightning around Boulder. No disturbance on 
system. 

Severe lightning between Denver and Boulder. No dis¬ 
turbance on system. 

Lightning around Denver, Golden and Boulder, also Idaho 
Springs. One disturbance which caused Denver Gas & Elec¬ 
tric Company s switch in its West Side station to open, 
but did not affect service to Northern Colorado Power Co., 
or any other customer. 

Severe lightning around Boulder and Dillon all the afternoon 
up to 9 p.m. No disturbance on transmission system. One 
13,000-volt feeder circuit out of Boulder and one 13,000-volt 
circuit out of Dillon substation were interrupted. 

Lightning in Boulder district from 4.00 to 8.00 p.m. One 
disturbance on transmission line, caused by trouble originating 
on a 13,000-volt feeder out of Boulder. This did not affect 
service over the transmission line, but the Denver Gas & Elec¬ 
tric Company’s switch opened, separating the system. 
Generally cloudy and stormy. Severe lightning around 
Boulder in the afternoon. No disturbance on transmission 
system. One disturbance on a 13,000-volt feeder from 
Boulder. 

Lightning severe around Idaho Springs; some lightning 
around Denver in the afternoon. No disturbance on system. 
Storm around Dillon from 6.30 to 9 p.m. One disturbance on 
line but not affecting delivery to substations. Denver Gas & 
Electric Company tripped off of their end of the feeder. One 
disturbance on a 13,000-volt circuit out of Dillon substation. 
Lightning around Idaho Springs about 7.00 p.m. No dis¬ 
turbance on ystem. 

Severe lightning around Denver. No disturbance on Central 
Company’s system. 

Severe lightning storm on Argentine Pass and at Idaho 
Springs. No disturbance on system. 

Generally cloudy with some lightning. No disturbance on 
syst n. 

Generally cloudy with lightning over almost the entire line 
system. One disturbance due to the discharge which was 
observed to strike between towers 938 and 939. Transmis¬ 
sion line was not dead, but regulation w T as poor for one-half 
min. The Denver Gas & Electric Company’s switch tripped 
out on this occurrence and they were separated from Central 
Company’s service for 15 min. 
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July 19. Severe lightning around Georgetown; cloudy over trans¬ 
mission line. Lightning broke insulators at towers 431, 437 
and 604, all between Dillon and Leadville, causing two in¬ 
terruptions. After the first one service was resumed, but 
after, the second one the broken insulators prevented recharge 
of the line until they were replaced. 

July 20. Lightning storm general during the afternoon. One dis¬ 
charge observed to hit ground wires on towers 885 and 886 
but no customers were interrupted except Denver Gas & Elec¬ 
tric Company, whose switch opened automatically, separating 
the systems for 7 min., Leadville and Dillon substation in¬ 
struments showing continuity of service and no disturbance. 

July *21. General lightning storm in the afternoon. One disturbance 
on the 13,000-volt feeder out of Boulder which caused slight 
fluctuation on transmission line, but not affecting delivery to 
substations. During this disturbance the Denver Gas switch 
opened automatically, separating the systems for 6} min. 

July 27. Lightning around Dillon, Argentine and Leadville all day, 
around Shoshone and Boulder in the afternoon. One dis¬ 
turbance on transmission line caused momentary variation 
and separated Denver Gas from Central Company’s system 
for about 6 min. Voltage low on transmission line for about 
20 sec. During this storm other parts of the State were 
seriously affected. 

July 28. Lightning around Dillon and Boulder in the morning. During 
the afternoon very heavy rain with severe lightning was 
general over the whole state. One roof bushing at Boulder 
was damaged but was automatically disconnected without 
interrupting service in Leadville, Dillon or Denver substations. 
The automatic switch in the Denver Gas Company’s station 
opened, separating the system for 6 min. Four other slight 
disturbances, the first of which was caused by lightning 
breaking insulators at tower 389 near Leadville, the other 
three being caused by the remaining insulators furnishing 
insufficient insulation, which broke down at intervals until the 
line was disconnected by prearrangement to replace the 
damaged insulators. The Colorado Telephone Company’s 
service was seriously interferred with, both locally and on the 
toll lines. A great deal of cable on their Denver circuits was 
damaged, and it was reported that about 600 telephones in 
Denver were out of service. 

July 29. Heavy rains all day over the entire system. Lightning 
general. One disturbance; insulators on middle conductor 
at tower 1008} damaged. 

July 30. After 11.00 a.m. lightning was general around Barber, Dillon, 
Leadville and on the western slope. One disturbance at 
AUU p.m. Transmission line not dead. 

Ram and lightning between Argentine Pass and Hagerman 
Pass, ho disturbance. 


July 31. 
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Aug. 1. 
Aug. 2. 

Aug. 3. 
Aug. 4. 

Aug. 5. 
Aug. 6. 

Aug. 7. 

Aug. 8. 

Aug. 10. 

Aug. 12. 


Aug. 13. 
Aug. 14. 

Aug. 15. 
Aug. 16. 

Aug. 20. 


About noon small local storm just west of Denver caused no 
disturbances on Central Company’s sj^stem. 

During the afternoon from 2.00 p.m. to 6.00 p.m. there was 
some lightning and slight showers along the transmission line. 
No disturbance. 

Partly cloudy during the day. No rain. Small lightning 
discharges in the afternoon. No disturbances. 

Weather cloudy. Showers in the afternoon. Lightning 
general over whole line. One severe discharge at 1.28 p.m. 
destroyed a roof bushing at the Denver substation and in¬ 
terrupted service to Denver and Boulder 17 min. No inter¬ 
ruption at Dillon or Leadville. Heavy rains at Boulder in 
the afternoon, accompanied by severe lightning. Caused two 
disturbances on the 13,000-volt distribution line without dis¬ 
turbing the transmission system. 

Wind, rain and lightning in the afternoon generally. No dis¬ 
turbance on transmission system. 

Lightning in afternoon east of Leadville, north of Dillon and 
around Idaho Springs. No disturbance on transmission 
system. 

Rain near Idaho Springs. Lightning in the afternoon west 
of Leadville and on Argentine Pass. No disturbances on 
transmission system. 

Wind and rain storm from Idaho Springs to Denver in the 
afternoon, with some lightning. Very heavy lightning storm 
at Denver, in the evening, lasting about three hours. No dis¬ 
turbance. 

Partly cloudy. Storm around Idaho Springs and Boulder in 
the afternoon with rain at Boulder and some lightning. No 
disturbance. 

Weather cloudy. Rain and lightning between Leadville 
and Shoshone all day. Rain and lightning in Denver in the 
evening. No lightning disturbances on transmission system. 
Broken conductor between towers 126-127. Break caused 
by bullet from rifle. 

General storm with rain from Argentine east. No disturbance 
on transmission system. 

Severe lightning and rain at Idaho Springs from 5 to 6 p.m. 
One disturbance caused a discharge across a transformer 
bushing at the Dillon substation. 

Rain west of Dillon with some lightning. No disturbance on 
transmission line. 

Lightning around Idaho Springs beginning at 1.30 p.m. 
Lightning around Boulder at about 3 p.m. Insulators punc¬ 
tured on tower 472 caused shutdown of transmission from 
Leadville east. 

Weather cloudy over whole system. Rain and lightning at 
Waldorf in the afternoon. 


Aug. 22. 


Aug. 23. 


Aug. 24. 


Sept. 1. 


Sept. 2. 
Sept. 11. 
Sept. 13. 
Sept. 14. 
Sept. 15. 
Sept. 18. 


Sept. 19. 
Sept. 20. 

Sept. 21. 


Sept. 25. 


Oct. 14. 
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Weather cloudy and stormy. Lightning around Idaho Springs 
east of Denver. No disturbance. 

Stormy and rain from Shoshone to Leadville in the afternoon. 
Lightning from Shoshone to Argentine. One discharge near 
Shoshone caused the horn gap outside of Shoshone station to 
break down, shutting down Dillon and Leadville and causing 
the Denver Gas Company’s switch to trip. The attendant 
at the Denver substation disconnected the Shoshone line 
quickly enough to prevent an interruption to the Boulder 
customers, and load continued to be carried by the Boulder 
Plant. Service to Denver substation from Boulder was thus 
momentarily interrupted. 

Lightning around Denver in the afternoon. No disturbance 
on transmission line. 

Lightning storm in the evening from Basalt to Dillon, from 
Idaho Springs to Denver and Boulder. No disturbance on 
transmission system. One disturbance, on a 13,000-volt line 
from Boulder. 

Lightning in the evening along line from Dillon to Denver. 
No disturbance. 

Lightning around Denver in the afternoon. No disturbance 
on system. 

Heavy lightning storm all along transmission line in after¬ 
noon. No disturbance on Central Company’s system. 

Some lightning along transmission line in the evening. No 
disturbance. 

Lightning around Idaho Springs in the afternoon. No dis¬ 
turbance. 

Severe lightning in afternoon and evening. Four dis¬ 
turbances on transmission system. One of these disturbances 
interrupted service. 

Severe lightning storm during early evening. No disturbances. 

Severe lightning storm with rain east of Argentine Pass. 
No disturbance. 

Severe lightning storm in afternoon around Denver over 
Boulder and Shoshone. No disturbance. 

Severe lightning storm in the afternoon broke insulator on 
tower 919. Interrupted no customers except Denver and 
Idaho Springs. 

Very severe lightning storm over Denver in the afternoon. 
No disturbance. 

Severe lightning storm in the afternoon and evening from 
Dillon west to Georgetown and north to Boulder. No dis¬ 
turbance on high-tension transmission system. One inter¬ 
ruption of all distribution lines from Boulder; three additional 
interruptions on one distribution circuit from Boulder with 
additional interruption on each of two other distribution cir¬ 
cuits from Boulder. 
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Oct. 15. Some lightning on Argentine Pass in the afternoon. No 
disturbance. 

Oct. 16. Some lightning on Argentine Pass in the afternoon. No 
disturbance. 

Note. 10 interruptions due to lightning on high-tension lines. 

63 recorded storms. 

135 days. 

5. Information on charging current -is given in Part I of 
the 1911 Transactions.. See paper by Faccioli and communi¬ 
cation by West, pages 337 and 77. 

6. No electrical difficulties have occurred chargeable to insu¬ 
lators and mechanical difficulties of insulators have been limited 
to two or three defective connecting links between units. The 
normal strength of links is equal to the No. 0 conductor. 

Some difficulties have been experienced from lack of stability 
of conductors in the more exposed sections of the line due to low 
horizontal stress and low vertical component at point of support. 
Such difficulties have occurred in local sections exposed to the 
more violent winds. 

In some of the spans on the eastern slope where the line crosses 
the openings of canons, the wind at times comes whirling out of 
the canon at excessive velocity, intersecting other currents of 
air which produce wind eddies with the effect of lifting the entire 
span, shaking the conductors violently and mixing them up 
generally. To meet such conditions it has been necessary to 
dead-end the spans, increasing the horizontal stress, and in one 
span it has been found desirable to increase the spacing of con¬ 
ductors. 

7. No difficulties have, been experienced from high-tension 
switches or operation of same with and without load. High- 
tension switches of the oil-break type are installed at all sub¬ 
stations, but none are installed at either of the two power sta¬ 
tions. 

8. Under present operating conditions the power factor at all 
power stations is about unity, hence no attempt has been made 
to control the charging current of the line. 

The system is operated in multiple with the following power 
stations: 

Leadville Light & Power Co. (steam). 

United Hydro Electric Co. (hydraulic). 

Denver Gas & Electric Co. (steam). 

Northern Colorado Power Co. (steam), 
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There are two 5000-kw. generators installed in the Glenwood 
power house and two generators of the same capacity are in¬ 
stalled at the Boulder power house. The combined waterwheel 
capacity at both plants is 39,000 h.p. The available generator 
capacity for continuous service is considerably in excess of the 
generator ratings given above. 

9. Some difficulty was experienced with high-tension bushings 
and terminals during the first few months of operation, but 
these difficulties have been practically eliminated by changes in 
design and method of supports. 

10. Aluminum cell lightning arresters are installed at Dillon, 
Denver and Boulder and their performance has been satisfactory. 
No difficulty has been experienced with the arresters. 

11. Experience with wind conditions is given above. During 
spring and fall months sleet and snow has collected on wires at 
the lower elevations, and in one instance before the line was placed 
in commission the accumulation of sleet and snow on a No. 0 
conductor was found to be 1.9 lb. per linear foot. 

12. Data on corona are given in Part I of the 1911 Trans¬ 
actions. See paper by Ryan, pp. 70-73; West, p. 77; Faccioli, 
p. 337; discussion by Faccioli, pp. 89-90; discussion by Ryan, 
p. 125. 

13. The telephone communication may be considered good, as 
there is no disturbance or interference under normal operating 
conditions. 

14. The voltage regulation at the Denver substation under 
normal operating conditions is within 1 per cent of a given value 
and the departure from this value for different periods of the 
day is about 3 per cent. 

15 . The towers are angle construction for horizontal circuit. 
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Discussion on “ Transmission Systems of the Great West¬ 
ern Power Co.,” “The Southern Power Co.,” “The 
Great Falls' Power Co.,” and “ The Central Colorado 
Power Co.” Chicago, June 29, 1911. 

M. H. Co lib ohm : I note that some of the operating companies 
are using the ungrounded delta system. I would like to know 
what the considerations were which guided these companies in 
deciding for such a system. . It would seem to me that the dis¬ 
turbances set up by an arcing ground in a system with excep¬ 
tionally long lines operating under very high’voltage would be 
very marked. It has been stated that the aluminum arrester 
would be able to take care of such disturbances, but I have had 
experience in an ungrounded delta system, where such a type of 
arrester, properly installed and pronounced in good order by the 
manufacturer, had been blown up three or four times, without 
lightning being the cause, simply by surging, and it seems to me 
that perhaps^the grounded Y system might be preferable. 

Paul M. Lincoln: My experience with the grounded neutral 
on high-tension lines has been of a secondary nature for the 
last five or six years—it has come second-hand, so that anything 
I may say on the matter of grounded neutral is necessarily in¬ 
formation that came from some one else to me. However, 
making a general analysis of such information as I have been able 
to gather, I have formed the general opinion that the grounding 
of a neutral of high-tension transmission lines, preferably through 
a resistance, is a desirable practise. Some transmission lines, 
particularly those in the western states, have made it a practise 
to dead-ground their neutrals, and in some cases have gone so far 
as to use the ground as a conductor. Some single-phase cus¬ 
tomers of these transmission lines have been served by a single 
conductor, using the ground as a return. That is carrying the 
grounded neutral idea to its further point. However, in general, 
from such observation as I have been able to carry out on the 
transmission lines, I find that the grounding of the neutrals, 
although it tends to emphasize some difficulties, tends to reduce 
others, and in my opinion the reduction of the difficulties is 
greater than the increase, due to that method of operation. 

L. C. Nicholson: Concerning the question of groundingthe 
neutral of a high-voltage transmission system, I agree with Mr. 
Lincoln that grounding through a limiting resistance gives best 
results. A neutral completely grounded is open to several grave 
objections. A ground on one wire constitutes a short-circuit 
through the earth as a return. This usually interrupts the de¬ 
livery of power, and causes destructive inductance in parallel 
telephone or telegraph circuits. 

With the neutral insulated, arcing grounds composed of the 
charging current of the system set up dangerous surges which 
often cause failure at some other point and thus develop into a 
phase-to-phase short-circuit. 

The advantages of inserting say 1,000 ohms in the neutral of” 
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a 60,000-volt line are several. First, the earth current is limited 
to a value which does not disturb the voltage of the system and 
therefore does not disturb the load. Furthermore, such an arc 
is not persistent and will usually cease after a few seconds with¬ 
out the necessity of cutting out the line, which is not true of an 
arc carrying large current as in the case of a neutral grounded 
without resistance. The chief advantage of resistance in the 
neutral is that it largely overcomes the fundamental objection to 
an ungrounded neutral, that is, surges. The fact that the arc 
carries a small power current, and not condenser current only, 
tends to make the arc a better and more continuous conductor, 
which prevents the rapid make and break effect of a true capacity 
arc, and in this way an arcing ground loses its power to produce 
destructive voltage surges. 

An operating advantage of a resistance is that a line or section 
of line equipped with oil switches may be cut out automatically 
in case of a ground on one conductor. This is not true of an 
ungrounded neutral. 

N. J. Neall: The question as to whether a line should be 
operated without grounded neutral or with grounded neutral is, 
of course, an old one that we have all battled with, and I suppose, 
judging from what has been said this morning, that neither method 
is objectionable, provided it does not interfere with continuity 
of service. 

There is one point, however, which the inquiries sent out by 
the Committee did not cover, and I think it of great interest, and 
that is the question—How do these large operating companies 
take care of customers on branch lines? Do they permit the 
branch customers to be tied into the main line directly, or do 
they operate them through oil switches or fuse connections? 
There seems to be no information on that score, and it is, I 
think, one of some importance. 

As far as lightning protection is concerned, I observe that Mr. 
Jollyman speaks of the electrolytic lightning arrester as having a 
definite limit of operation and recommends that the gaps shall 
presumably be set above the critical voltage of the transmission 
line. This is rather an extraordinary point of view, and does 
not coincide with the opinions expressed in the report made to 
the Committee of the National Electric Light Association, on 
Lightning Protection, of which I happen to be a member this 
year, and in which we had some very full replies. The general 
impression in reading the returns would be that the electrolytic 
lightning arrester had established itself positively in operation 
without very much trouble. Its operation, however, has created 
difficulties which are being recognized and corrected, and I can 
simply say to you as a matter of record, because it is no secret, 
that you must be very careful not to take your electrolytic 
lightning arrester for granted. The electrolytic lightning ar¬ 
rester and other forms of lightning protective arresters are not 
widely different from the class which we call fuses, and while 
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they represent a certain outlay, and loss is undesirable, yet I 
see no reason to object, if the loss of the electrolytic or any other 
type of lightning arrester is simply, presumably, to save your 
main generating apparatus. It represents, however, a standard 
which the users of apparatus are already creating, namely, that 
$s - generating apparatus, transformers and other types, are be¬ 
coming stronger against static disturbances, and they are having 
less failures, they are demanding that the protective apparatus 
which they were formerly willing to see fail, provided it saved the 
rest of the station, shall likewise increase in strength, all of 
which is piling up the insulation at all points, and they are thus 
expecting to have no interruptions whatsoever. I think that is 
a very difficult ideal to attain at the present time. The general 
improvement of arresters, plus the value of overhead line pro¬ 
tection, has materially changed conditions, as they were reported 
to the Committee, and in this connection, I have a communica¬ 
tion from Mr. Vaughan, which follows: 

J. F. Vaughan (communicated): The chairman of your High- 
Tension Transmission Committee has asked for information on 
the results of the operation of the lightning protection devices 
adopted for the Taylor’s Falls transmission line of The Minne¬ 
apolis General Electric Company, following the experiments 
which were published by the writer in the Transactions of the 
A. I. E. E., 1908, XXVII, I, p. 397. 

The original line, about 40 miles long, was built in 1905, 
operating at from 50,000 to 55,000 volts. It consists of wooden 
pole construction, carrying a three-phase line of No. 4/0 B. & S. 
gage copper cable, arranged on a 72-in. upright equilateral 
triangle. The original protection consisted in “ low equiva¬ 
lent ” multigap arresters at each end of the line, a double gap 
selective resistance horn arrester at the power station, a single 
horn gap water resistance arrester at the substation, a triple 
gap selective resistance horn arrester at the middle of the line, 
and an electrolytic arrester without oil insulation at the sub¬ 
station. The line protection originally consisted of four ex¬ 
perimental half-mile sections of different forms of overhead 
ground wire, with occasional lightning rods on the transmission 
poles and also a few rods on separate poles alongside the line. 
The most pronounced effect was produced by the type of over¬ 
head ground wire consisting of two No. 6 ground wires mounted 
6 ft. apart 18 in. above the top transmission wire, which ap¬ 
peared to shield the line effectively, preventing spillover and 
breakdown of insulators. These troubles were frequent and 
serious on the unprotected portions of the line. The station 
protection was satisfactory. 

The success with the overhead ground wire led the company 
to extend it year by year until the whole line was protected. 
Line failures and disturbances decreased in proportion as the 
ground wire was extended. # . 

This year a duplicate line was built alongside the first line, 
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using semi-flexible “ A ” frame steel towers, with the wires g ar¬ 
ranged in an inverted 72-in. equilateral triangle with a 
steel cable ground wire at the apex of the tower. Electrolytic 
arresters were installed in connection with the new line at both 
stations and the power station horn gap arrester was replaced 
by an electrolytic arrester as well. The horn arrester at the 
middle of the line was found unnecessary and removed. 

This season, up to the present writing, there have been 22 . 
thunder storms without causing any interruption to service on 
either the pole line or the tower line. In this and other points 
the operation of the system has confirmed the conclusions drawn 
from the original experiments as reported in the above-men¬ 
tioned Institute paper. . . . , 

Hugh Pastoriza: Mr. Hebgen mentions the swinging or 
suspension insulators in the direction of the line due to tem¬ 
perature effects on adjacent spans of unequal length. 1 his is an 
interesting point and one which we have investigated in some 
detail in connection with line design for the Telluride System. 

As would be expected, the amount of deflection of. insulators 
is greater the longer the spans concerned. With a given maxi¬ 
mum span the greatest deflection occurs when the adjacent span 
is approximately half the size. The worst condition appears to 
be five or six equal long spans adjacent to a series of five or 

six spans half as long. . t 

This swinging may be minimized by a proper proportioning of 
sags in the various spans. Ordinary practise is to stress all 
spans to the same amount (usually to the elastic limit) under 
maximum load and at fairly low temperature. This results m a 
very large unbalancing of tension between a Tong and a short 
span at low temperature when unloaded. If the tensions are 
equalized at average temperature and loading instead, the un¬ 
balancing of tension under extreme conditions is much diminished 
and the swinging of insulators considerably reduced, lhis 
method of stringing results in greater sags on the : shorterspans 
than are given by the usual method, but as difficulties with 
ground clearance usually occur on the longest rather than the 
shorter spans, this is not objectionable. , 

In some cases computed where tensions were not thus equal¬ 
ized, insulators were found to deflect as much as 30 degrees 
This emphasizes Mr. Hebgen’s point regarding the desirable 
construction for wire clamps. 


/ 
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THE ECONOMICAL DESIGN OF DIRECT-CURRENT 
ELECTROMAGNETS 


BY R. WIKANDER 


The design of an electromagnet for a given duty can as a mle 
be varied considerably, and while it is comparatively easy, to 
design a magnet that will serve a certain purpose, it requires 
careful consideration to find the most economical design in any 

given case. . 

In some cases the most economical design of a niagne i 
be the one for which the annual cost of the energy which it con¬ 
sumes added to the depreciation and the interest on the price 
will be a minimum. In other cases it is of importance that th 
magnet should be of compact design and of hg t veig m ^ 
to be transported conveniently, or it iorms a p 
apparatus and should occupy a minimum of space. 

In this paper we will limit our investigations to the design o 
the cheapest the most compact or the lightest magnet which 

^The”following ^fundamental formulas apply to all TP- - 

“Xfof a magnet of the pole surface 5 sp. cm. and th. 
magnetic induction ffi lines per sq. cm. is 


/t>2 

<p = 5 -g—dymes, 


( 1 ) 


provided that the air gap betu-een >>>» S '° P “ 

very smaU “ the L* in lines divided 

The magnetic induction os is equa 

o.niQ 
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by the pole surface of the magnet or the section of the flux 
S in sq. cm. 

(B = -“ lines per sq. cm. (2) 

The flux $ can be figured from the magnetomotive force £ 
and the reluctance (R of the magnetic circuit. 

The magnetomotive force depends upon the number of am¬ 
pere-turns of the electric circuit and can be expressed as follows: 

3 s gilbert (3) 

where A is the number of ampere turns of the electric circuit. 

The reluctance (R of the magnetic circuit is figured from the 
reluctances of its various series or parallel connected parts in the 
same way as we figure the resistance of an electric circuit from 
the resistances of its constituent parts. 

The reluctance of an air gap is equal to its length, Z, in cm., 
divided by its section in sq. cm. 


(R = -jj- oersteds 


The reluctance of a magnetic metal is 


(R =-~ oersteds * * ( 5 ) 

fJL . o 

where is the permeability of the metal, generally iron or steel. 
The magnetic flux <?> in maxwells is: 


It will be seen from ( 1 ), (2), (3) and ( 6 ) that we can express 
the pull (P in various ways, as follows: 


^ (B 2 c $ 2 

8t S 8x5 


These formulas seem very simple but it is often difficult or 
impossible to apply them. 
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Pigs. 1 and 2 represent typical cases where the above formulas 
cannot be applied directly. A and B are iron cores and C is 
the magnetizing coil. We see that the section of the flux in the 
air is infinite and that the length of the different parts of same 
varies between a limited value and °° *. Magnets of such types 
are mostly used for instruments or relays, while our discussions 
will be limited to magnets for comparatively heavy duty. Mag- 
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nets of this kind have as a rule a magnetic circuit of definite 
shape (see Fig. 3). 

The principles governing the design of electromagnets are 
entirely different for direct_and a ltern ating current. At present 

*T n his book on “ Solenoid Electromagnets and Electromagnetic 
Windings ” Mr. C. R. Underhill has published several tests made on 
maenete of such types, and from a comparison of the conditions and re- 
STSi- JS it Will in many case, be poa.ible 1. ealenla.e the 
approximate pull that will be obtained with such magnets. 
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we will only treat the design of the former class, reserving the 
alternating-current magnets for a future presentation. 

We distinguish between magnets which have to carry the 
exciting current continuously and those in which the current is 
admitted to the coil for only a few seconds or minutes in order to 
perform a certain mechanical operation. 

We may further distinguish between magnets whose main 
function is to exert a certain final pull or pressure, and those 
which perform a certain amount of work, as when the product 
of the initial pull and the stroke is given, though it is often 
difficult to draw the line between these various classes. 

According to the above distinctions we will discuss the follow¬ 
ing cases separately. 

1. Continuously excited magnets for exertion of a certain pull 
or pressure or for a given final pull. 

2. Intermittently excited magnets for the same purpose. 

3. Continuously excited magnets for the performance of a 
certain amount of work or for a given product of initial pull and 
stroke. 

4. Intermittently excited magnets for the same purpose. 

In our analytical investigations regarding the most suitable 
dimensions of plunger type magnets we will make use of the 
following relations betxVeeii^he ordinate of a curve and the 
distance from the origin at which the tangent to the same point 
intersects the axis of the ordinates. 

If b is a function of the variable g, the equation 

b*=K . g 

expresses a curve which we can make tangent to any curve in 

tl3 4 P lane at an y P° in t whatsoever by assigning the proper 
values to jc and K. 

We will in the following call this curve “ a parabola of the 
degree x 

Any tangent to the curve expressed by the above equation 
intersects the axis of the ordinates at a distance b± from origin, 

or, in the present case, where 

l 

b=K* . £ 



i 
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and 


or 


db 

dg 


- . K* 
x 


i 


bi = b- 1 

X 


1 1 
K x . g* 



1 _ 

x 


) 


If we know the value of x this latter equation enables us to 
find by trial the parts of any curve whatsoever which are tangent 
to a parabola of the degree x. 

If we further have a function y which is proportional to the 
value of the expression ZX to or 

y = jfe' . ZX (*) 

we know that y will decrease with decreasing values of D if 
the value of f (x) is positive and with increasing values of D if 
the value of / (x) is negative. 

If, further, the values of D corresponding to positive values of 
/ (x) are all larger than any value of D corresponding to nega¬ 
tive values of the same function we can conclude that y will 
become a minimum for. the values of D and x which correspond 
to the equation 


/ (x) = 0 

In the following examples we will use these formulas in order 
to find the most suitable parts of the magnetization curves, (or 
in some cases the pull curves) for various types of magnets. 

Nomenclature 

A~ the number of ampere-turns of the winding. 
a = the number of ampere-turns per inch of air gap. 

B = the flux density in the air gap in maxwells per sq. in. 
b — a function of g. 

J 1= :the distance from origin at which the tangent to a certain 
curve intersects with the axis of the ordinate. 


2024 


W1KA NDRR: ELECTROMA ONETS 


[Jurn* 


C=the cost of the electromagnet in cents. 
t\ — the cost of one cu. in. of the winding in cents. 

£2 = the cost of one cu. in. of the magnetic circuit, 

D = the outside diameter of the winding in inches. 
d = the diameter of the core (= inside diameter of winding) 
in inches. 

jj = the ratio of the core diameter to the outside diameter 
of the winding. 

R = the voltage of the current supply system. 
e = the ratio of the volume of the total magnetic circuit to 
the core of the magnet. 

<]> = magnetic flux in lines (maxwells). 

(7 = the weight of the electromagnet in lb. 

Ci = the weight of one cubic inch of winding in lb, 

(h — the weight of one cu. in. of the magnetic circuit. 

C;i = the weight of tt cu. in. of winding. 
g = a variable quantity. 

/ — the exciting current in amperes. 

K, K 1 , K;u etc., constants. 

K*z~e — \ t if the function y expresses the volume of the magnet. 

* 6 ' if the function y expresses the weight of the 

magnet. 

* 6 ^ 1 if the function y expresses the eost of the 

magnet. 

L = the length of the winding in inches. 

/ — the air-gap in inches, 

the number of turns per sq. in. of the section of the winding. 
n = the total number of turns of the winding, 

P = the pull required in lb. 

R — the resistance of w cu. in. of the winding, 
r = the resistance of the winding in ohms, 

5 = section of magnet core in sq. cm. 

S c = the cooling surface of the winding in sq. in. 

V = the volume of the electromagnet in cu, in. 

the energy required for the excitation of t he magnet in 
watts. 

W 1 * the ratio of this energy to the cooling surface of the coil 
in watts per sq. in. 
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TIT = the ratio of this energy to the volume of the coil in watts 
per cu. in. of the winding. 

Xj s = exponents which express the degree of a parabola. 

y = a function which may express V, G or C depending upon 
the values of certain constants (K 2 and Kz). 


1. Continuously Excited Magnets for a Given Pinal Pull 

or Pressure 

The limiting condition for the compact and cheap design of 
this kind of electromagnet is that the coil must be able to carry 
the exciting current continuously without overheating. 

The magnet must further be able to produce the required 
pressure or pull with a certain air gap which is required in order 
to prevent “ freezing ”, to allow for the wear of contacts, or 
to meet other conditions depending upon the application of 
the magnet. 

The pull P in pounds can be expressed by the formula 

P= 1.09 . B 2 (P . 10“ 8 .in lb. ( 8 ) 


Transposing, we can write 



p ...10* 

1.09 T(P 


or 


9000 

.. d 


Vp. .. .in maxwells per sq. in. 


or 


d = 9600 


Vp 


.in inches 


( 9 ) 

( 10 ) 

(ID 


The air-gap is supposed to he so short that the influence of 
the “ fringing ’’ or the pull produced by the flux around the edges 
outside of the air gap can be neglected. 

The induction B for a given magnet is a function of the ampere- 
turns of the coil. At low densities of the iron B increases 
approximately in proportion to the ampere-turns, while at 
higher densities the induction increases more slowly than the 
magnetizing current. We will first investigate which part of the 
magnetizing curve is the most economical one to work on. 
For any magnet of given dimensions we can assume that the 
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relation of the flux density to the magnetizing ampere-turns is 
expressed by the equation 

B X = K . A or A = -L- . B x ( 12 ) 


where x is a positive quantity increasing with the magnetization. 
We have 

A=I . n—I . N . L . -?--A (13) 

or 

A 2 . 4 _ B 2X . 4 

W 2 . L 2 . {D-d) 2 K 2 V W TL 2 0—d) 2 ' 14) 

or if we substitute the value of B from equation (10) we can write 

/2 = 9600 2 * . P x . 4 

it' 2 . d w 7 N 2 ~. L 2 (D-d) 2 

The resistance of the winding can be expressed as follows: 



( 16 ) 


The surface of the coil which is available for heat dissipation 
or cooling can be expressed as follows: 

S C =L (D+d) it ( 17 ) 

We neglect the end surfaces of the winding because they 
do not help to conduct any heat from the center or hottest part 
of the coil. We count, however, the inside surface of the winding 
as cooling because no heat is produced in the adjacent core and 
therefore the high thermal conductivity of the same helps to cool 
the winding. 

We can express the energy of excitation as follows: 

W=L {D+d) x . Wi (18) 

But it can also be expressed as a function of the current or 
the voltage and the resistance if the winding 



W=I 2 


( 19 ) 
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Substituting the values of P and r from (16) and (17) we can 


T m , ^ TJ7 9600 2 * . P x . R . (P 2 -d 2 ) L 

I »+d» * r.- g, T rTW; iV(D-k 


L 2 (D-d) d 2x = 


9600 2 * . P x R 

K 2 x Wi * N 2 


For any given value of X corresponding to a certain part of the 
magnetizing curve, the quantities at the right-hand side of the 
equation (21) do not vary with L, D or d . 

r • 

The ratio - ^ T2 - varies with the material of the winding and 

the space factor of same, but is comparatively constant for differ¬ 
ent sizes of wire. 

We can therefore write, approximately, 

U (D-d) d 2X — Ki (22) 

or 

L 2 D l+2X (1-8) 8 2X = Ki (23) 

The volume of the electromagnet is equal to the sum of the 
volume of winding and magnetic circuit and can be expressed as 
follows: 

V=L(D 2 -d 2 )~+e . L~ (24) 


V=L(D 2 +(e-l)d 2 )-^- 


V=LD 2 (l+(e—1) 5 2 ) 


The weight of the electromagnet can be expressed 


G=L (D 2 —d 2 ) — . Gx+eL EJL . Gi 


G=l(d 2 +~^~ 1 . d 2 ) Gx . 
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or 

G = LD*(l+ fG ;~ c: ' . 5') (i j . ^ 

\ in / I 

and the cost can be expressed as follows; 

C=L (l)H- C C 17 C ' ./•’) 

c 


■29) 


7T 

f 


or 


C=LD*(l + eC ^ C ' (•, * 


(30.) 


i31) 


The equations (26), (26), (28), (29), (30» an.! (31) arc ..1 the 
general form 


or 


y-L ( I )"T A•_> (/" j A ,i 
r-L />•• (l+A’a 5-) A’;, 


<32. 


(33) 

where y expresses any of the quantities i*. (/,„• < * depeu.ling 
tlic values we attribute to the constants A-2 and K 3. 

In order to keep the volume, weight nr cost <«t the rj, ,-h,> 
magnet as low as possible we should reduce the value ut v to a 
minimum. We may vary the quantities A, P and </, l„n ,|,rv 
must always satisfy the equations (22) and (23), 
hrom the equation (23) in which 8 is ;i positive quantity • 1 
we can deduce the following equation; 

LD '~ K ■' ■ a-»>* ■« ■ • i>‘ m, 

.ol^srr;'; stil " 1 "' ™ . . .... 


y=Ki i . (i-5) 1 . 5 r . ir 


t i a» 


(1 I A; b 1 ) A., t36) 


of v VEf™' WhU ' U ’ S ' |U ‘ r ”'- >•'« value, 

ot x and low densities, the function y will decrease wilt. ■. t 

crease in the diameter of the magnet*™,,nil ITlim. i ,£ 

Md°hieh d ”T“ Ve ' Which eorrespomls to 1„„|, v .,i,„. 5 ,,f 
and high densities, y will decrease with an in it,’.. 

diameter of the magnet core and winding Uv vnrv m b V 
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we can thus in either case obtain a decrease in the value of y 
and consequently of the volume, weight or cost of the magnet. 

If the exponent of D is equal to 0 the value of y will not change 
with variations of the diameter. It follows that y is a minimum 
if we work on the part of the curve for which the value of x 
satisfies the equation 


which gives 


and consequently 


2 — 


1 +2x 
2 


= 0 


3 

X 2 
3_ 

B 2 =K . A 


(36) 

(37) 

(38) 


The most economical value of the flux density is thus to be 
found on the part of the magnetization curve which is a parabola 
3 

of the degree — 


The tangent at any point intersects the axis of the ordinate 
at a distance from the origin 


*■- (*—B * 

3 

and in the present case where x = — this distance will be 

& i = (1 —i) 2 = k (39) 

The magnetization curve of the magnet is not identical with 
that of the iron alone, because it includes the air gaps as well, 
and its shape varies with the ratio of the air gap to the total 
length of the magnetic circuit. 

In practical cases this ratio may vary from about 0.25 per 
cent (for a magnet of J-in. core diameter, ^-in. total air gap and 
6-in. length of the magnetic circuit) to about 1.5 per cent (for 
a magnet of 5-in. core diameter, J-in. total air gap and 17-in. 
length of the magnetic circuit.) 

In Fig. 4, A B is the magnetization curve for one inch of a 
high grade steel, the line 0 C representing the magnetization of 
an air gap of 0.0025 in. By adding the ampere-turns for each 
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value of B we find the magnetizing curve 0 D of one inch of iron 
and 0.0025 in. of air, which has the same shape as the magnetizing 
curve of the whole magnetic circuit. 

By trial we find the point E on this curve for which the ordinate 
E F is three times larger than the distance 0 G. G is the point 
where the tangent at E intersects the axis 0 Y . The cor¬ 
responding flux density is 81,000 lines per sq. in. or 12,600 lines 
per sq. cm. If the air gap is 1.5 per cent of the length of the 
magnetic circuit the line 0 C represents the magnetization of the 
air gap corresponding to f in. of iron. If we add to this line 
the ampere-turns required for the magnetization of £ in. of iron, 
we find the curve OH, which represents the ma gnetization of 


I 

! 

i 

:_ 

1 

iZ 


[h 

> ~ 

Jjl. 








i_ 

LD___ 

j_ 




cy 


r 



!_ 




Mi 





! / 




! r 









r 









i * 





1, 




m 





r ' 




m 





I 




1 




- 

1 


f 


i 

Ui_1 






AMPERE TURNS PER INCH OF IRON 
Fig. 4 

s m. of iron and 0.0025 in. of air and is of the same shape (only 
the scale of the ampere-turns is different) as the magnetization 
curve of any magnet with 1.5 per cent air gap. We find by 
nal the point K on this curve, for which the tangent to the 
curve intersects the axis 0 Y at the point L and K If = 3 X 0 L. 

he corresponding flux density is consequently 96,000 lines per 
sq. an. or 14,900 lines per sq. cm. 

+ The economical, flux density varies, consequently, be- 

S““£» r ,,MS ( per SIp “• £ » ”08»*s with small air gaps 
and 96,000 lines for magnets with large air gaps. This den- 

sity increases witht the air gap. For average conditions the 
economical flux density will be approximately 90 000 
lines per sq. in. or 14,000 lines per sq. cm. for steel or wrought 
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iron of high magnetic permeability. For cast iron a correspond¬ 
ing point on the magnetizing curve of that material should be 
chosen. 

As soon as the flux density to be used has been decided, the 
core diameter can be determined from equation (11). There 
still remain to be determined the values of L and D and these 
can be found as follows: 

3 

Substitute the value for x in the equation (22) ; which then 
takes the form 


or 


U {D-d) d? = Ki 


£ = 


I E 

\ ( D-d)d 3 


(40) 

(41) 


Substituting this value of L in equation (32) we have 

(42) 

Differentiating this expression with regard to D we find that 
y becomes a minimum for 


D-i 2 -±- v/4 + 3 

o 

or 

5= d _ = _3_ 

D 2+V4+3 K s 


(43) 

(44) 


From equations (23) to (28) we can see that K-2 always is 
> — 1 and S is therefore always positive and <1. 

The curve Fig. 5 shows the variation of S with regard to K- 2. 
From the values of d and 5 we find the corresponding value of 
the outside diameter of the winding: 



From the known value of the air gap we can calculate the cor¬ 
responding number of ampere-turns required to carry the flux 
density B through the gap and the iron. 


A =0.314 .3.1 


( 45 ) 
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This equation gives us the number of ampere-turns required 
to carry the flux through the air gaps. For the magnetization 
of the iron this value has to be increased from 7 per cent for 
magnets with comparatively large air gaps to 14 per cent for 
magnets with comparatively small gaps (see Fig. 4). 

From equations (14), (16), (18) and (19) can be deduced 

D 2 —d 2 • A 2 4 

R __-. L . /ys u {D _ d y =L(D + d) 7T . Wx (46) 

or 

L=A • \l N r • (D-d) 7T Wx (47) 

wherein the value of depends upon the character of the wire 


and its insulation. It also varies slightly with the size of the 
wire. The wire table given on another page shows the variation 
of this quantity for cotton covered wire of the usual sizes. 

For a first approximation we may choose 


R_ 

~N 2 


= 3.8 . 10-“ 


The value of W x or the watts dissipated per square inch of the 
winding depends of course upon the conditions of the case. 
Under average conditions it may be assumed that 1 watt per 
square inch of the cooling surface will produce a rise of tem¬ 
perature of 100 deg. cent. If we allow a maximum rise of 
40 deg. cent, we should choose FFi = 0.40. 

Substituting these constants in equation (47) we find the value 
of L. 

Equation (18) gives the value of W. 

Transposing equation (19) gives 

E n - 

r = W ( 48 ) 

and transposing equation (16) gives 

R= Zd^AfTl 


( 49 ) 
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From the wire table accompanying this paper we find the 
corresponding size of wire. From the same table we find the 
corresponding number of turns N per square inch of the winding 
section.* 

The total number of turns is of course 


n = N . L( - D 9 d) - 


(50) 


The dimensions of the most economical magnet for a given 
duty are thereby determined. 

From the above deductions we can draw some interesting 
conclusions concerning the design of electromagnets of this 
class : 

1. The most economical density is always the one for which 
the corresponding part of the magnetization curve is a parabola 
of the form: 

3_ 

B 2 =K . A 

2. The absolute value of B depends upon the permeability 
of the iron part of the circuit and upon the length of the air gap. 
but is the same whether we design a magnet of minimum volume, 
minimum weight, or minimum cost. 

3. The ratio of core diameter to outside diameter of the 
winding is independent of air gap, flux density and ampere-turns, 
and depends only upon the value of the constant iT>, which in 
its turn is dependent upon whether we wish to design a magnet of 
minimum volume, weight, or cost and upon the relation of the 
volume of the total magnetic circuit to the core inside of the coil. 

‘'"This table gives the values of R and N which correspond to the 
theoretical winding space, obtained by assuming that the space occupied 
by each wire is equal to the square of its outside diameter. For machine 
wound coils it is always possible to meet this figure, but for hand wound 
coils we must allow from 7 to IS per cent more winding space. The 

R 

values of R and N decrease while the value of —increases in the same 

A' 2 

proportion. 

For coils of small diameter as used for telephones and instruments the 
increase in winding space amounts to about 7 to 9 per cent while for 
larger coils as used for electromagnetically operated switches, etc., the 
space actually required is about 16 to 18 per cent greater than the one 
theoretically necessary. In either case the excess space required is some¬ 
what larger for finer wires. 
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2. Intermittently Excited Magnets for Exertion of Cer¬ 
tain Pull or Pressure 

Magnets of this class are as a rule excited for a few moments 
only and at considerable intervals, allowing the winding to cool 
off after each operation. 

The limiting condition for compact and cheap design of such 
magnets is that the thermal capacity of the winding must be 
sufficient for the absorption of the energy dissipated during the 
operation without overheating. 

If we assume W% watts to be absorbed per cubic inch of the 
winding, the exoression for the total energy, corresponding to 
equation (18), is 

W=L —.7 r . W» (51) 


This expression must be equal to the right hand side of equa¬ 
tion (20) and we can write 


r £> 2 -d 2 u/ 
L -7T Wi ■■ 


96 00 2 * . P x . R . (P 2 -d 2 ) . L 

K? . d* x . N* . U lD-d ) 2 ' ; 


or, corresponding to equation (22), 

U (D—d) 2 d 2x = K i (53) 

Equations (24) to (33) apply of course to this class of magnets, 
also. 

If we substitute Dh for d in equation (53) we have 
Z/ 2 D 2X+2 (1 —S') 2 . 3 2x === K .4 

hence 

9 2+2* 

LD 2 = K^ . (1-5)- 1 . 5~ x . D" 2 
Substituting this value in equation (33) we have 

9 „2+2jC 

. (1-S)- 1 . 5~ x . D 2 . (1+X 2 S 2 ) . K z (54) 

The most economical saturation will be the one for which 


2+2 x =Q 
2 


or 


x=l and B=K. A 
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For this class of magnets we should thus work on the part of the 
magnetizing curve for which the induction increases propor¬ 
tionately to the ampere-turns, or at the point of the magnetiza¬ 
tion curve for which the tangent goes through the origin. It is 
interesting to note that this point is independent of the air gap 
and can consequently be found from the magnetization curve of 
the iron alone. 

For the iron of which the magnetization curve is shown in 
Fig. 5 the most economical flux density for this kind of magnets 
will be found by tracing the tangent OH which gives us the 
point A , corresponding to a flux density of 50,000 lines per sq. in. 
or about 7,750 gauss ( = lines per sq. cm.). 

Knowing the value of B , equation (11) gives us the correspond¬ 
ing core diameter for any pull required. If we insert the value 
of r = l in equation (53) it takes the form 


U (D—d) 2 d 2 = Ki 
or 

Vk, 

(D-d) d 


(55) 


If we substitute this value of L in equation (32) it takes the 
form 


y = K 3 . y/K 4 . 


D 2 +K 2 d 2 
. (D-d) d 


Differentiating this expression with regard to D we find that 
y becomes a minimum for 

. D~d (I+VI-FK 2 ) 
or 

o = |r= - 7 . (56) 

D 1+Vl+K 2 

The dotted line in Fig. 5 shows the variation of 5 with regard 
to K 2 > 

From the values of d and 5 we find the corresponding value of 
the outside diameter of the winding: 

D=-j (67) 

The required number of ampere-turns is found from equation 
(45) in the same way as for magnets of class No. 1. 
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From equations (14), (16), (51) and (19) we can deduce the 
following expression for the length of the winding: 


L = 


2 A I R 
D-d ‘ \ iV 2 


1 

7T W 2 


(58) 


The value of can ^ oun< ^ from the wire table. 

The value of W 2 or the watts to be dissipated per cubic inch 
of the winding depends of course upon the quantity of metal 
contained in one cubic inch of the winding, also upon the ma¬ 
terial of the wire and the space occupied by the insulation. 

The wire table gives the weight G 3 of copper contained in 



Fig. 5.—Economical ratio of core diameter to outside diameter 
of winding for direct-current plunger magnets 


7r cubic inches of winding for different sizes of cotton covered 
copper wires. 

If we allow a rise of temperature of 100 deg. cent, after 100 
seconds and considering that 1 watt-sec. = 0.000527 pound-calor¬ 
ies and the specific heat of copper = 0.0951 we find the value of 
W 2 as follows: 


or 


7T W 2 = G \ 


100 . .0951 
100 . .000527 


= 180 G z 


W 2 = 5 7.5 . G.3 


(69) 

(60) 


Gz varies from 0.352 for No. 35 wire to 0.70 for No. 10 wire. 
For average conditions we can assume G 3 = 0.60 as a first ap- 
proximation. 
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Equation (51) gives us the value of W. 

Equation (48) gives us the value of r . 

Equation (49) gives us the value of R. 

Equation (50) gives us the value of n. 

The dimensions of the magnet are thereby determined. 
Summing up the above investigations we can draw the follow¬ 
ing conclusion concerning the design of magnets of this class. 

1* most economical density is on the part of the mag¬ 
netizing curve just below the “ knee 

2. Ihe value of B depends only upon the magnetic properties 
of the iron. 

3. The ratio of core diameter to outside diameter of winding 
depends only upon the value of the constant K 2 and is independ¬ 
ent of air gap, flux density and ampere-turns. 

3. Continuously Excited Magnets for the Performance of 
a Certain Amount of Work 
For magnets of this class it is generally required that the 
product of the initial pull and the stroke of the magnet shall 
correspond to a certain amount of work. 

In order to calculate the initial pull of a magnet we must 
consider the influence of the 11 fringing ” which takes place as 
soon as the air gap reaches an appreciable value. 

One effect of the fringing is an additional flux outside of the 
cylindrical space between the end surfaces of the magnet core, 
and this flux adds considerably to the pull of the magnet. 

Another effect is that this flux increases the induction in the 
iron core to a value considerably in excess of the flux density in 
the air gap, and this effect produces indirectly a decrease of 
the pull. 

Both these effects vary in different ways with the ampere- 
turns of the magnet, the material of the magnet core, the length 
of the air -gap, the diameter of the core and the shape of the 
magnet. To determine analytically the pull of a magnet with 
considerable air gap from the magnetizing curve of the iron 
and the shape of the magnet, with any degree of accuracy, is 
rather complicated. 

An y general formulas which might be derived to express the 
pull as a function of these data would be too complicated for 
the purpose of our present investigation and we have therefore 
resorted to another method. 

For magnets of approximately the same type, the same quality 
of the iron, the same proportion between' air gap and plunger 
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diameter, and the same number of ampere-turns per inch of the 
air gap, it will be found that the flux density for corresponding 
points is the same for all sizes of magnets. 

If, therefore, we take a magnet of any size and determine by 
test the relation between the pull per square inch of the whole 
surface and the excitation in ampere-turns per inch of air gap for 
different values of the ratio between air gap and pole diameter, 
we will obtain a set of curves which apply to all sizes of magnets 
of the type under consideration. 

Fig. 6 represents a set of curves which has been obtained from 
tests of the magnet shown in Fig. 3. 

In order to find the most economical value of the pull per 
square inch of pole surface we apply the following method, which 



Fig. 0.—p u ii curves for constant air-gap and variable current 
for plunger type magnets 

is based upon the same principle as the one applied to the mag¬ 
nets of the classes 1 and 2. 

We express the pull P as a function of. the diameter of the 
core d, the ampere-turns per inch of air gap, a , and a quantity 
which may be different for different parts of the curve, but is a 
constant for small variations of P, d and a on any part of the 
curve. x 

P = K h . a? . d 2 (61) 

The amount of work which the magnet should perform may be 
expressed as 

Q = P . Z or P = 2- (62) 
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From equations (61) and (62) we derive 

a = Kc x . Q x . l~ x . d~ 2x ( 63 ) 

And the number of ampere-turns 

A=a . l=Kr x . Q x . I 1 -* . d~ 2x (64) 

Considering that the ratio is constant, we may write 

A =Ke . d l ~ ix (65) 

From equations (13) and (65) we can deduce 

1= _ M _ 2K * - ** , RR , 

N . L (D—d) ~ N . L (D — d) (66) 


Inserting the value of W from equation (18), the value of 
I from (66) and the value of r from equation (16) in the equation 
(19), we have 

L (D+d) 7r Wi= . 4 - 2 d 2 ~ 6x R ( Di ~d 2 )- L 

1 N 2 L 2 (D-d) 2 * ‘ 4 ( B7 ' 

or 

U (D — d) d 6 * -2 = K 7 (68) 

or, introducing the value 5, 

U r> 6 *-i (! _ a) 5 te -2 = x 7 (69) 

or 2 - Q x ~ 5 

LD 2 = K S . D 2 = Ks .D* (70) 

This value of L D- substituted in equation (33) gives 

y = K 9 . D^~ Zx (71) 

The quantity y which may express the volume, weight or 
cost of the magnet becomes a minimum when 

-f— 3*=0 (72) 

( 73 ) 


which gives 
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and consequently if we substitute this value of x in equation (61) 

A 

P = iT 5 .a 5 . d 2 (74) 

The most economical values of the flux density are thus to be 
found on the parts of the curves, Fig. 6, which are parabolas 
of the degree ™ 

The tangent of any parabola of this degree intersects with the 
axis of the ordinate at a distance from the origin 


ii = (l-4-) P= - I P (75) 



O LENGTH OF STROKE IN PER CENT OF PLUNGER DIAMETER 


. Fig. 7.—Economical excitation per inch of air-gap 
for plunger type magnets 

From the curves, Fig. 6, we find by trying the most economical 
points on the P curve, the points for which the tangents inter¬ 
sect the negative part of the axis of the ordinates at a distance 
equal to \P. 

We find that this condition is approximately fulfilled by the 
part of the P curves around the points .41, .42, A3, etc.', and 
conclude that the function y will be a minimum for the values 
ot pufi and excitation corresponding to the points A1 A2 AS 
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It is interesting to note that within the range of our test the most 
economical pull per square inch is approximately the same for 

all values of -j and in this case about 70 lb. per sq. in. 

The number of ampere-turns per inch of gap, varies, however, 

with the ratio -j as shown in Pig. 7, which represents the value 

of a plotted against -j for the most economical points of the 
various P curves. 

In most practical cases the values of the initial pull P and the 
stroke l are given, and we can find the corresponding value of 
d from the equation 


or, in our case, 


P=K, n . <P 


P = 70 . ^ = 55 d? 

4 


</ = 0.135 Vp 


From d and l we find the ratio -j and from the curve Fig. 7 

we find the corresponding number of ampere-turns per inch of 
air gap. 

Substituting the value of x = -f in equation (68) it takes the 
form 

IP (D—d) d 3 = Kn (79) 


L = VK U . 


V(D-cC)d* 


Inserting this value of L in equation (32) it takes the form 


. v / (P-i)d 3 


(81) 
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Differentiating this expression with regard to D we find that y 
becomes a minimum for 


D=d 


2+V4+3 Ko 


(82) 


or 


s d 3 

D 2+V4+3 K 2 


(83) 


This formula is identical with equation (44) and consequently 
the solid line curve, Fig. 5, represents the value of 8 corresponding 
to different values of K 2 for this class of magnets as well. 

From the value of D we find 


D = - 


(84) 


The ampere-turns required are 


l 


(64) 


Equation (47) gives us the corresponding value of L. 

Equation (18) gives us the corresponding value of W. 

Equation (48) gives us the corresponding value of r. 

Equation (49) gives us the corresponding value of R. 

Equation (60) gives us the corresponding value of n. 

The dimensions of the most economical magnet for the given 
pull and stroke are thereby determined. 

In case the value of L obtained from equation (47) should be 
less than about twice the value of l it is recommended to increase 
L to the said amount and figure the corresponding value of D 
from equation (47), which can be transposed to read 


D = 


JL. +d 

N 2 L 2 irW 1 +d 


( 86 ) 


then find the other dimensions as indicated above 
If ody the product Q.pi were given it may be of interest 

Xx r r 1 ”® of p “ d ' swd b » <*°Xi m orders 

obtain the most economical magnet for a given duty. 
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Let us assume that for the most favorable ratio of ~ the 

a 

ampere-turns per inch of air gap can be expressed as follows: 


a=Kx 


■(!)' 


The number of ampere-turns is 

-'1 — a . I — Kn . * d~ z 


( 86 ) 


(87) 


and the corresponding value of P is found by substituting the 
value of A from equation (87) in equation (14) 


P = - 


1&+2 d-2Z 


N 2 .U- ( D-d)* 


( 88 ) 


Substituting the value of P from (88), the value of r from 
(16), and the values of W from (18) in equation (19) we derive 


or 


U {D — d)= P" +2 dr 2z . K n 
L D 2 —Ku . . J~* 


Substituting this value in equation (33) it can be written 
y=K ir, . 

=K a (id*y+' . d -*-*• 

From equations (62) and (76) we deduce 
Q = iC 10 . I d 2 


or 


ld 2 = Q . K l0 ~ l 


(89) 

(90) 

(91) 

(92) 

(93) 

(94) 


Substituting the value of Id 2 from equation (94) in equation 
(92), and considering that Q is constant, we may write 


y = K u - 

y becomes a minimum for 

a+8 z — 0 


or 


z=-e 


(96) 

(96) 

(97) 
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This value of z corresponds to a point on the curve a for which 
the tangent intersects the positive side of the axis of the ordinate 
at a distance 

&1= ( 1_ ( _ t )) a= T a (99) 

This part of the curve a lies, however, outside of the range of 
our test. 

Analyzing the part of the curve a represented in Fig. 7 we 
find that the distance of said intersection from origin, in pro¬ 
portion to the value of a , is approximately 



and consequent!v 

z=-i ( 100 ) 

which value substituted in equation (95) gives 

Y=K l6 . d (101) 

This means that within the range of our test the volume, 
weight or cost of any magnet of this kind increases approxi¬ 
mately in proportion to the core diameter, or, which amounts 
to the same, in inverse proportion to the square root of the 
length of the stroke. 

From the above investigations we can draw the following 
conclusions regarding the economical design of this class of 
magnets. 

1. In order to obtain an economical magnet the stroke should 
be chosen as long as the conditions of the case permit. 

2. The section of the core should be chosen so as to give a 
certain pull per square inch, in this case about 70 lb. 

3. From the ratio of diameter of core to length of stroke we 
find the necessary ampere-turns per inch of stroke. 

4. The ratio of outside diameter of coil to diameter of core 
depends only upon the value of the constant K 2 and is the same 
as for magnets of class No. 1. 

4. Intermittently Excited Magnets for the Performance 
of a Certain Amount of Work 

For magnets of this class the same method as described in the 
previous chapter can be used in order to find the most economical 
design. 
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Equations (62) to (66) apply to this class as well. 
The equation corresponding to (67) takes the form 


D2 ~ d - TT W _ AY . d-~ 6x . (ZT-Y) L 

R 

(102) 

4 L s (D — d) 2 ■ 

N 2 

L? (D-d)- d 6x - 2 = KiQ 


(103) 


or, introducing the value of 6 =~, 

L- D 6x (1 — 5) 2 . 5*** = K tb 

or 

L D- = A’ it : D 2 ~ 3X 

I his value of L D~ inserted in equation (33) gives us 

y = K l& . D-~ 3x (106) 

and y becomes a minimum for 

2-3 x = 0 (107) 


Substituting this value of x in equation (61) we obtain 

3 

P = K b . a 2 . dr (108) 

The most economical values of P are to be found on the parts 
of the curves, Fig. 6, which are parabolas of the degree f. 

The tangents of same intersect with the axis of the ordinate at a 
distance from origin: 


(104) 

(105) 


6i= ( 1_ y) i>=_ T p a<>9) 

From the curves, Fig. 6, we find by trial the most economical 
points on the corresponding P curves. 

These points B , B2 , B3, B±, etc., all correspond approxi¬ 
mately to the value of P equal to 50 lb. per square inch. 

The number of ampere-turns per inch of air gap for the most 
economical points of the various P curves vary as shown by the 
dotted line in Fig. 7. 
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If P and l are given we find the corresponding values of d 
from the equation 


P = X 19 . d 2 (110) 

or, in our case, 

/72 qr’ 

P = o0 —= 39.3 d 2 (Ill) 

or _ 

d=0.16 Vp (112) 


From d and l we find the ratio of — and from the dotted line 

a 

in Fig. 7 we find the corresponding number of ampere-turns 
per inch of stroke. 

Substituting the value x = f in equation (103) it takes the 
form 


U (D-d) 2 d 2 ~Kie 
or 

r _ 

d (D—d) 


(113) 

(114) 


If we substitute this value of L in equation (32) it takes the 
form 


< 116 > 

Differentiating this expression with regard to D we find that 
y becomes a minimum for 

z>=i (1+vT+jQ (116) 

or 

5= D = l+Vf+xT ( ' 117) 

This formula is identical with equation (56) and consequently 
the dotted line in Fig. 5 will show the relation of 5 to K» for this 
class of magnets as well. 

Equation (84) gives us the value of D. 

Equation (64) gives us the value of A. 

Equation (59) gives us the value of tt W 2 . 

Equation (58) gives us the value of L. 
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Equation (51) gives us the value of IE, 

Equation (48) gives us the value of r. 

Equation (49) gives us the value of R. 

Equation (50) gives us the value of n . 

The dimensions of the magnet are thereby determined. 

In case the value of L which we obtain from equation (58) 
should be less than about twice the value of / it is recommended 
to increase L to the said amounts and figure the corresponding 
value of I) from the following equation, which can In* derived 
from equation (58): 

I)==i L \l N* ‘vWt 1 d i118 ' 

We then find the other dimensions as indicated above. 

If only the product Q — .P.I were given it may Ik* of interest 
to see how the values of P and / should be chosen so as to obtain 
the most economical magnet for a given duty. 

We may express the values of a, A and P' as in equal.ions 
(86), (87)* and (88). 

Substituting the values of P' from (88), r from (16) and IT 
from (51) in equation (19) we derive 

L?(D~d)*~P*'*d ts tKu fil9) 

or 

L 7 11201 

Inserting this value of L D* in equation (33) it can be written: 

y^ KuiAJ .<!' 7 * ( 121 ) 

or 

y I<n (hPT n jl 1 J,; ( 122 1 

Substituting the value of / from equation (94) in 11221 gives 

y /b-M/ J 11231 

Substituting the value of s from equation (100), which approx 
imately applies to th..e dotted curve as well fsee log. 7), gives 

y A* ««.#/* (124 i 

This equation shows that for magnets of this class, and 
within the range of our tests, the weight., cost or volume in¬ 
creases as the square root of the diameter, 
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Number 
of turns 
per sq. in. 
winding 
section 

N 

r-t^oocoooooo 

MNNONfflO-dioob 

00 O <M to 05 CO CO to Ol <N 
nHrtHMNCO^tO 

773.0 

953.0 

1160.0 

1420.0 

1724.0 

2090.0 

2520.0 

3010 

3620.0 

5400.0 

5080.0 

6000.0 

7000.0 

8130.0 

9530.0 

10800.0 

Resistance 
of n cubic 
inches of 
winding at 
68 deg. fahr. 
R in ohms 

to to 

to t- N* 00 to 1 . 0 . 

HCONHNOMNJOM 
NCCiOMNOOOrtffi 
OOOO--itHC0'^t^O 

OOOOOOOOOrH 

2.05 

3.18 

4.895 

7.55 

11.56 

17.66 

26.86 

40.5 

61.2 

91.8 

136.8 

203.5 

299.8 

439.5 

643.0 

930 

Square of 
diameter of 
insulated 
wire in 
square 
inches 

0.0121 

0.00975 

0.00788 

0.0064 

0.0052 

0.00423 

0.00346 

0.002835 

0.002335 

0.001925 

0.001293 

0.001053 

0.000862 
0.000705 
0.000580 
0.000479 
0.000397 
0.000332 
0.000277 
0.000233 
0.000197 
0.000167 
0.000143 
0.000123 
0.000106 

0.0000925 

Diameter 

of 

insulated 

wire 

in 

inches 

0.1099 

0.09874 

0.08881 

0.07996 

0.07208 

0.06507 
0.05882 
0.05326 
0.04830 
0.04389 

0.03596 

0.03246 

0.02935 

0.02657 

0.0241 

0.0219 

0.01994 

0.0182 

0.01664 

0.01526 

0.01403 

0.012928 

0.01195 

0.01108 

0.010305 

0.009615 

Diameter 

of 

bare 

wire 

in 

inches 

0.1019 

0.09074 

0.08081 

0.07196 

0.06408 

0.05707 

0.05082 

0.04526 

0.04030 

0.03589 

0.03196 
0.02846 
0.02535 
0.02257 
0.0201 
0.0179 
0.01594 
0.0142 
0.01264 - 
0.01126 
0.01003 
0.008928 
0.00795 
0.00708 
0.006305 
0.005615 
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We can sum up the results of these investigations of this 
class of magnets as follows: 

1. If the stroke is not given it should be chosen as long as the 
conditions permit. 

2. The section of the core should be chosen so as to give a 
certain pull, in the present case about 50 lb. per sq. in. of plunger 
section. 

3. The required number of ampere-turns per square inch 
depends upon the ratio of diameter of core to length of stroke. 

4. The ratio of outside diameter of the winding to the core 
diameter depends only upon the value of the constant AT and 
is the same as for magnets of class No. 2. 



Pm. s 


Pm. 9 


Remarks ('onckknino the Application ok the Rkkckmno 

Theory 

When we apply the preceding theory to practical cases we 
should bear in mind that it is based upon several approximations, 
which must be considered by the designer. 

1. The core diameter is supposed to be equal to the inside 
diameter of the winding. The latter must, however, be some¬ 
what bigger in order to allow for tlu; necessary sputa* for insula¬ 
tion and the outside diameter should be increased in the same 
proportion. 

2. The length of the. core is supposed to be equal to the length 
of the winding, but the latter must be somewhat shorter for the 
same reason. 
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3. The ratio of the volume of the to.tal magnetic circuit to the 
volume of the core inside of the winding is supposed to be con¬ 
stant, but varies always somewhat with the ratio of diameter 
to length of winding, and considerably so for freakish designs 
as represented by Figs. 10 and 11. 

4. For hand-wound coils the extra space required by the 
winding should be taken into consideration. Figs. 8, 9, 10 and 11 



Fig. 10 


represent magnets with such coils figured on the basis of 16 per 
cent extra winding space. 

5. The accompanying table gives the resistance of copper wires 
at 20 deg. cent., but the magnets should of course be figured so as 
to give the required pull or do the work at the maximum tem¬ 
perature for which they are designed. 

6. The theory of the magnets for performance of a certain 
amount of work is based upon tests on a plunger type magnet of 
the most usual form and with comparatively limited stroke. 



Fig. 11 


For very different types this theory should be applied with 
discretion and for comparatively long strokes it will be preferable 
to reduce the pull per square inch of core section. 

Figs. 8 and 9 represent the cheapest and the most compact 
magnets of the first class for a final pull of 1000 lb. and a maxi¬ 
mum temperature rise of 50 deg. cent, for continuous excitation. 

Figs. 10 and 11 represent the corresponding magnets of the 
second class for a final pull of 1000 lb. and a temperature rise 
of 100 deg. cent, in 100 seconds. The figures show the freak 
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designs which we would obtain if wo did not take the ' 

into consideration. 

The preceding magnets were designed tor hand wound cnil 
while the following are supposed to have machine wound roil 
Figs. 12 and 13 represent the cheapest, and the most compact 
magnets for the performance ol 1000 lb.-inches at t| 
continuous excitation and 50 deg. cent, maximum tempera* w* 



rise. The designer would probably prefer .■«h»mid J« 
economical magnets or would choose a dilferent tvpr 

'Figs. 14 and 15 represent, tin* corresponding magnet-. p.t ihr 
performance of the same amount, of work at Tp \tn4o\ %v till 
intermittent excitation and 100 deg. cent, temperature n.r os 
100 seconds. The designer would probably always rlpmse the 
more compact of these two magnets, which weighs about lit j«-t 
cent less than the cheapest and rusts only 0 per rent more, 

• . . . ...... . 
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Discussion on “ The Economical Design of Direct-Current 
Electromagnets.” Chicago, June 30, 1911. 


Frank F. Fowle: Mr. Wikander’s paper is a very compre¬ 
hensive discussion of the design of direct-current electromagnets, 
limited to the types for comparatively heavy duty. Electro¬ 
magnets for light duty, mainly in closing one or more local con¬ 
tacts, are used in tremendous numbers in telephony, telegraphy 
and signaling. Their design is probably as important com¬ 
mercially as that of the heavy duty type. 

The problem broadly stated is to design magnets for minimum 
annual cost—or minimum interest, depreciation, taxes, main¬ 
tenance and cost of operating energy. In the case of constant- 
current circuits, or in circuits with an intermittent current of 
constant maximum value, the least energy is consumed when 
the resistance is a minimum. Again in the case of direct-current 
telegraphy the question of resistance becomes doubly important, 
because it affects the efficiency and cost of transmission, as shown 
in the writer’s paper* on “ Telegraph Transmission ” presented 
at this Convention. 

Mr. Wikander’s expression (7) is identical with the writer’s 
expression (134) in the paper just referred to above, or 



4> 2 

8 7 T S 



In the case of ordinary electromagnets such as those em¬ 
ployed in telegraph relays and generally similar apparatus 
(numerous examples in telephone and signaling practise), the 
magnetic circuit is nearly closed and the air gap is normally 
short in comparison with its breadth. The poles are usually 
extensions of the cores and the armature is a flat piece of equal 
breadth, spanning from pole to pole in the familiar manner. 

In such cases the reluctance of the whole magnetic circuit is 
ordinarily composed in great part—over 90 per cent—of the air- 
gap reluctance. By neglecting the relatively small iron re¬ 
luctance the writer shows that expression (1) can be put in the 
form 

MtstfT <2) 

when n I represents the ampere-turns and l the length of air gap. 
This shows that for a constant value of ampere-turns the pull 
increases proportionately with the cross-section of the air gap 
or with the area of the poles. 

This is easily seen from expression (1): doubling the pole area 
halves the reluctance and doubles the total flux, while the flux 
density remains constant; thus B 2 is the same as before, but 5 
has been doubled and therefore the pull P has been doubled also. 


Part II, p. 1683. 
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Thk rcsu it is not capable of being extended indefinitely, for 
when the pole area has been increased roughly ten times the air¬ 
man reluctance is probably no longer the principal part of the 
total reluctance and then further increase of area has a rapidly 

diniimshin^valuc.Q th . u tlu> enlargement of one. pole, 

nut not both is of little or no value in ease the one not enlarged 
k of controlling importance in its relation to the total reluctance. 
Thus the introduction of a third air gap may destroy the whole 

rvrineinlc here described. , , 

T i order to determine whether polar enlargement will be gen- 
'u 'uSsX L mU’rinn is as follows. CVUralatc the reluc- 
£*» of those OTM sevoss whieh U«- workmf attractiveforce 
k made use of, and then calculate the reluctance of the re¬ 
mainder of the magnetic circuit; if the former is several or man v 
times the latter, then polar cnlurgcmenls will increase the.pull 

materially. L 



Expression (2) can lie written as follows: 

a(.,i f )“ lfS (3) 

which shows that for a constant value of I\ with increasing .V, 
the ampere-turns may bo diminished hi the ratio of the square 
root of the increase in S. That is, it N is quadrupled, the ainpeie- 

turns may be halved. - 

Fi^s. 10 and 11 of the writer's paper illustrate two methods 
of enlarging; the pole areas, with telegraphy relays. 1 he enlarge¬ 
ment, it may he noted, is relative and refers to the area oi: the 
pole with respect to the cross--seetinn ol the rotas In the tv pc 
of plunger magnets considered b\ Mr. \\ ikander theu‘ aie 
several ways of securing polar enlargements. I wo of these 
methods tin* shown in Figs, 1 and 2 herewith. . 

Charles R, Moore: This paper certainly marks a distinct 
step in advance along the lines ot electrical design. Many 
electromagnets have been designed and their performance ac¬ 
curately predetermined, but the designer seldom knew without 
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carrying out several designs whether the one in hand was the 
best one for the purpose. The work oftentimes stopped without 
being carried to the point where there was little doubt about a 
given design being the most economical for the work intended. 

Increased attention is now being paid to the design of traction 
electromagnets on account of their usefulness in control appara¬ 
tus. In order to make this kind of apparatus satisfactory, such 
considerations as efficiency, first cost, and space required must 
receive the careful attention of the designer. 

Mr. W ikan der, by carefully analyzing the form of the equa¬ 
tions resulting from the mathematical statement of the above 
considerations, has been able to. derive formulas giving at once 
the best and most economical dimensions, for a given design to 
fulfil a certain set of requirements. As one would naturally 
expect, the cheapest magnet is not the most economical in the 
use of energy. 












A paper presented at the 28 th Annual Con¬ 
vention of the American Institute of Electrical 
Engineers ^Chicago, III., June 30, 1911. 


Copyright 1911. By A. I. E. E. 


ELECTROLYTIC CORROSION IN REINFORCED 
CONCRETE 


BY C. EDWARD MAGNUSSON AND G. H. SMITH 


While r einf orced concrete was coming into general use as a 
structural material much space in the technical press was given 
to discussions and reports on the durability of the encased, iron. 
The results from a large number of experiments gave fairly con¬ 
clusive evidence that under ordinary conditions the iron is 
protected, and that even if it was rusty when placed in the con¬ 
crete, it will be free from the oxide after remaining in the 
concrete for some time. The time test on the durability of prac¬ 
tical structures is, of course, the final arbiter, and for each year 
the increasing data bear out the assumption that properly 7 con¬ 
structed concrete-steel structures will stand indefinitely. 

With so much evidence tending to prove that iron encased in 
concrete will remain in good condition for any length of time, 
it was quite natural to infer that when failures did occur, the 
crack in the concrete preceded the corrosion of the iron, and that 
the presence of the iron in no way entered as a factor in causing 
the failure of the concrete. The complex chemical changes 
taking place for a considerable time in the hardening process of 
cement makes it difficult to secure any chemical basis on which 
this inference might be refuted. According to Le Chatelier the 
hardening process consists in a slow hydration and hydrolysis of 
the compounds formed by the fusion of the cement materials. 
The process being a change from the tri-calcium silicate 
(3Ca0.Si0 2 ), by adding water, to a lower hydrated silicate, 
(CaO .Si0 2 +2.5 H 2 0) and calcium hydroxide (2Ca(OH) s ), or 
2(3CaO .Si0 2 ) +3H 2 0 = 2(2CaO. Si0 2 ) H 2 0+2Ca (OH) 2 , and the 

hydration of the tri-calcium-aluminate, (CaO. Al 2 O s +Aq. 
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= (3CaO . A1 2 0 3 .12HoO). On the solid solution theory Richard¬ 
son gives the formation as a tri-calcium-aliimin ate, (3CaO. A1 2 0 3 ) 
dissolved in tri-calcium-silicate, (3Ca0.Si0 2 ) in solution with 
an accessory compound consisting of di-calcium-aluminate, 
(2Ca0.Al20 3 ) dissolved in di-calcium-silicate, (2Ca0.Si0 2 ). 
In a recent paper 1 Dr. 0. Schott reports on an investigation of 
the several compounds comprising Portland cement and in his 
conclusions he holds that “ tri-calcium-silicate cannot be 
present in Portland cement ”, and further, that it “ represents 
merely a fused mixture in the molecular proportions 3CaO 
and lSi0 2 which contains free lime in addition to a chemical 
compound ”. From the above it is evident that chemical 
analysis does not offer a simple basis for determining changes in 
the properties of cement. 

Besides the complexity of the chemical changes, many varia¬ 
bles of poorly defined range enter into the making of concrete, 
both in quality of material and manner of construction, so it 
becomes very difficult to prove that any portion of a structure 
where failure develops was constructed in a proper manner and 
from good material. Under these conditions it has become quite 
customary to assume that a crack in the concrete is in itself 
evidence of poor cement, careless construction, faulty design 
or some other similar factor. 

Outside causes like vibrations from periodic impulses have 
been investigated in special eases, and for the past four years 
or more some attention has been given to the possible effects 
of electric currents. In the discussion 2 of Kmulsen’s paper 
a marked difference of opinion was manifest and it appeared that 
more experimental data would be necessary to determine the 
true nature of the phenomena. Accordingly, a series of experi¬ 
ments was begun in September, 1907, in the Electrical Engineer¬ 
ing Laboratory of the University of Washington, for the purpose 
of studying the electrolytic effects on iron in reinforced concrete. 
The work may be grouped under three heads, 

I. To determine if failure in reinforced concrete can be 
produced by the electric current, 

II. To analyze the process involved. 

III. To find means of protecting the concrete against the 
action of the electric currents. 

1. Cement and Engineering News, Vol. XX, Nov. and Dee., 1910, page 
511. 

2. Transactions A. I. E. E., XXVI, 265. 

3. Transactions A. I. E. E., XXVI, 231, 
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It may be noted that these experiments hike < : 

mere preparation of a block before any -bmrvnn.m 
requires from thirty to eighty da\s, u 11 * l,,( ’ 
single block in circuit may continue for a lew .In;, 
or even a year. The work is still incomplete but »■■- 
to make a progress report at this time in the -t«*j•* 
may prove helpful to others, Miles* ext » p.i"- 
following points will apply in these experiment ^ 

(a) The cement used was of the “ Washington 
at Concrete, Washington. 1 his brand is "i .'""d 
quality and is used extensively in the I’nget bound f. 
lack of time only a few tensile strength test' von 
these gave results well within the specific,!!i<m P u 
Portland cement as given by the American V 
Materials. 

Table I gives data from one test <«| ten il. 


TAII1.K I 


Time 


Samplt 


i ;» a 

24 hours. 105 H)S H » 

7 days. 'MV 400 

28 a . 780 V 80 WM* 

Specific gravity. 8.00 8,10 8 II \ 


(/;) The iron was out into eiyju im It ?I* ^ f 1 ' 
commercial stock of ;J in. {1U nmi. ) Juhm **u ! h.o 

wire was soldered to one etui fur tnakinc * ha Hi* d 

(c) The ratio of cement to sand \wr< une u* ihu r Ha J < •* 

Crete. The sand was of j»ood enininerctnl puulsH 
id) Cylindrical blocks nine incite Injdf nod 1* t 
diameter were? formed in moulds, The iron Iso . yl.a < 1 ... 
the axis and extended to within hvu and Td* w- 
lower end, thus leaving a layer ut ah»»nt two >t\M * '> 1 . ■ f 

of concrete between the water in the lank and \hr 
Each block was kept, in a nmist condition M »o Iran chi.fi , , 

before the electromotive force was applied Three hi .; 
made at a time, two were used in the circuit and thr Tu d 
a check. 
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I. Will the Electric Current Cause Failure in Rein¬ 
forced Concrete? 

This has been investigated and papers published 4 by Knudsen, 
Toch, Crim, Langsdorf, Nicholas and others and all come to an 
affirmative conclusion. A number of experiments, similar to 
those referred to above, were made and with like results. Modi- 


TABLE II . 

BLOCKS NO. 27 AND 31 IN SERIES ON 90 VOLTS, DIRECT CURRENT. 
UNPAINTED IRON BARS IN CONCRETE BLOCKS, IMMERSED IN FRESH 

WATER 


Time from 

Amperes 

Volts 

Remarks 

Start 




Start... 

0.105 

86.5 


30 sec. 

0.105 

86.5 


1 min. 

0.105 

86.5 


3 8 . 

0.106 

86.0 


5 * . 

0.107 

86.0 


10 8 . 

0.110 

85.6 


15 8 . 

0.114 

85 6 


30 8 . 

0.116 

85.6 


1 hr. 

0.116 

85.7 


2* 8 . 

0.112 

86.5 


3* 8 . 

0.118 

99.0 


5* 8 . 

0.118 

95.0 


1 day. 

0.091 

101.0 

Noticed three small cracks from iron 

3 8 . 

0.058 

92.5 

to circumference of block No. 31, 

4 8 . 

0.043 

89.0 

19 hours. Cracks widened in No. 31. 

5 8 . 

0.045 

89.0 


5* 8 . 

0.078 

91.5 


6 8 . 

0.079 

93.0 


7 8 . 

0.070 

96.0 


8 8 . 

0.072 

91.2 


9 8 . 

0.069 

90.0 


10 8 . 

0.081 

92.3 


11 8 . 

0.093 

92.0 


12 8 . 

0.097 

87.6 


13 8 . 

0.088 

81.6 

Wide crack in No. 31. 

14 8 . 

0.064 

89.5 


35 8 . 

0.066 

92.1 


16 8 . 

0.070 

91.8 


17 8 . 

0.061 

92.6 


19 8 . 

0.053 

90.8 


21 8 . 

0.042 

90.6 


23 8 . 

0.030 

104.5 


26 8 . 

0.026 

84.0 


29 8 . 



Experiment stopped. 


fications in applied voltage, current density, and kinds of 
aqueous solutions did not alter the general result. 

No. 27 was not affected while No. 31 was readily pried apart 
with a screwdriver. 


4. See appended bibliography. 
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In Curve I and Table II is given a typical set of data, and Fig. 1 
and Fig. 2 show the arrangement of the material under test, 
while Fig. 3 and Fig. 4 show the appearance of blocks at the end 
of the experiments. In most cases the e.m.f. was applied be¬ 
tween the tank and the iron bar in the block. When two blocks 
were in series, with the positive to one of the iron bars and the 
negative to the other, wooden tanks were used. 

To add more data on this point would be useless repetition, 
for in the papers already referred to it has been shown that an 
electric current passing from the iron through the concrete will 
cause corrosion where it leaves the iron, and, if the process'be 
continued for a sufficient length of time, the surrounding concrete 
will crack. 
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II. Analysis of the Processes Involved 
This fact being'established, it becomes important to determine 
the processes involved by which the current causes a failure in 
the concrete. 

The following suggestions will be discussed: 

{a) Temperature rise due to R P losses. 

(b) Hydrostatic pressure at the anode due to the current 

and to changes in solution density. 

(c) Pressure caused by the generated gases. 

(d) A chemical change in the cement, due to the current 

directly, destroying the cohesive strength of the con¬ 
crete. 

(e) During corrosion, the iron changes to an oxide or a salt; 

this involves an increase in volume, the compound 
taking more space than the iron from which it is formed. 
As the process continues the point may be reached 
when the stress becomes sufficient to rupture the sur¬ 
rounding concrete. 
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(a) In cast's where tlit* current is rump; 
more heat is generated than can In* dissipa? 
rise in temperature, this factor may he the c 
With sufficient heat generated to cause the \v 
steam, failure of the concrete will quickly foil 
in 'Fable XII, No. 9, steam was given off am 
in five hours. Such cases are, however, rare a 
and the flow of the current stopped. The lap. 
deal with small currents, a few hundredths of. 
rise in temperature is slight . Hence, except it 
cases, the heat will readily he dissipated and t 
be affected by this factor. 

(b) While the hydrostatic pressure at the 



to force a lew drops of discolored water up around the ody< 
the iron on top of the block, the porous nature of the bl< 
makes it improbable that any considerable stress demld * 
from this source. Whether the* pressure is caused bv the 

of the current radially from the iron, or by the inerea.. uhi 

density through the* formation of salts near the iron, it e 
obvious that the liquid should readily escape through the p< 
of the concrete upwards along the iron bar, The drops of 
colored water that appear on top of the block when action j 
progress, show that this path is open. The water will rise to 
top before, as well as long after, the crack appears. With 
form of block used, the water was raised only a few inches 
the pressure under these conditions should be neffihbhf,* 
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(/) From the porous nature «»f tin? summndiny material if 
seems <]uitc* impossible that any larye force should come from 
this source. Moreover, when two blocks arc connected in scrim 
(Table II) the volume of hydrogen yas will be twice that of t fa 
oxyyen, still no action was observed where tin* hydroyen war 
liberated, while (lie block receiviny tin* oxvyen cracked in 
nineteen hours. 

id) hi order to determine what net ion, if any, was produced 
directly on the concrete by the electric current the resistance of 
cement and concrete was first measured under specified enndit ions* 
Only limited data wens available on the resistance of cement 
ami concrete. A conclusion from very limited experimental 
data,, that 1 ' “in no sense can concrete be considered an in 



sulafor, and as shown, it is from all appearance, just as youd an 
electrolyte as any of the oil . of the earth *\ ran hardly be con¬ 
sidered huab 

In connection will* i Teiyhf on work in Ityhtmuy arresters 
f he resistance of concrete and cement was investigated bv Marvin. 
The observations deal particular! \ with the effect of hsyh trim 
perat nn s. 

Idle tests' "feud to show the follmviny conclusions: * At 
moderate temperatures. the resistance depends simply on tile 

fi. 7n\%s\t Hass ,V |, H, K„ HtifT, XXVI. b iM.V 

a, Thwhu uo\s A. 1. fv K„ ifMH, X XVII, I, MU 

7 Tu.whu tut\s A. I. tv lb, XXVII, l 77*, 
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iioisture in the cement and bet 
*c is removed, either by long 
die addition of sand increases 
as an insulator distributed t 


ige per unit; of length, a moderate voltage si*« 


not heat the material above 100 deg. cent, so a in oa ih 
interval of high resistance; but a higher voltage such a 8,000 \ uh 


can pass the interval and heat the resistance to hteandrmmn i 
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Since conductivity measurements could not readily be math 
with the cylindrical blocks containing the iron bars, as used 
in the other experiments, eight sets of eubieal blocks wen* made, 
using standartl brass moulds from the cement laboratory. Each 
set consists of 21 cubes. Of these, 12 were of neat content and 
the other 12 of concrete. Twelve moulds were available and 
12 cubes were made at; a time; three three-inch i7.teem.I 
cubes, six twee inch (5-cm.) cubes and three one-inch (2.5 em.j 
cubes. In making the cubes, ran* was takrn to seism* uniform 
(Conditions, The consistency was adjusted to give, when tested 
by the Vicat needle, a reading of 10 on the scale. Numerous air 
hubbies appeared in the cement cubes, and probably expert 
moulders would have secured better results. After removing; 
the cubes from the moulds they were kept in a moist condition 
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for over twenty days* and then under water for ten dav » longer, 
After that, sets No. I, 2, 3, 1. 7 and H were placed on a slick hi a 
steam heated room and sets No, a anil i# were placed on top of the 
steam radiators in the .same room, This drying period extended 
over Itl days, I he cubes were weighed before and after drying; 
and the twodneh ffrrmj cubes from sets, Xo, 5 and ti showed a 
loss in weight of about H per mil for eeitieiu and iliii per cent 
tor the concrete. The other cubes gave a slight tv smaller loss* 
indicating that in the shelf-dried ^isseuneuiidsturestilirtunaiiied. 

The twenty• four two inch fTenet cubes from sets No. 5 and 
h tvere then tested for their electrical conductivity by means of 
a deflection galvanometer* with the circuits arranged as shown 
in Mg, 5, 

The galvanometer constant for the part of the scale used was 
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19.5 . 10 9 amperes for one millimeter deflection on the scale. 
The cube was placed between two copper plates, these in turn 
between two fibre boards for insulation. Outside of the fibre, 
blocks of wood w-ere placed, and the whole put under pressure 
by means of a clamp, thus securing fairly good contact between 
the copper plates and the cube. In series with the cube by means 
of the copper plates the galvanometer was connected to three 
storage cells giving 7.51 volts. The deflection on the gal¬ 
vanometer when the cubes of set No. 4 were tested showed con¬ 
siderable variations; for the cement the specific resistance for 
set No. 4 varied from 0.8 X 10 s ohms to 6X10 8 ohms, and for 
the concrete from 1.8 X10 S to 3.5 XlO 8 ohms per cu. cm. As 
the loss in weight had indicated that the drying process was not 
complete, this variation was expected. For set No. 5 (dried over 

TABLE III 

Specific resistance (1 cu. cm.) 

For cement.12.7 XlO 8 ohms 

For concrete ..10.6 XlO 8 “ 


TABLE IV 

Specific resistance (cu. cm.) 


Wet cement (Cedar River water).8700 ohms 

* (Lake Washington water)....7000 “ 

* (Fifth normal NaCl solution)..5500 “ 

“ ■ (Half ■ « * ).3850 “ 

Wet concrete (Cedar River water). 7400 “ 

a (Lake Washington water).6700 “ 

“ (Fifth normal NaCl solution).4500 “ 

“ “ (Half normal NaCl solution).2900 “ 


the steam radiator) the readings were fairly uniform and gave 
the specific resistances for dry cement and concrete given 
in Table III. The galvanometer showed some “ creeping,” 
coming up to a maximum deflection and then decreasing during 
a few- seconds. The readings used in the calculation were taken 
when this movement had practically ceased, about ten or fifteen 
seconds after the contact was made. 

The cubes were then placed in the following solutions: 

Set No. 5 in Cedar River water. 

Sets No. 4 and No. 7 in Lake Washington water. 

Sets iNo. 1 and No. 3 in 1/5 normal NaCl solution. 

Sets No. 2 and No. 8 in 1/2 normal NaCl solution. 

They were left in these solutions over two weeks so as to allow 
the water to penetrate to all parts, and then tested for the 
specific resistance by the volt-ammeter method. Readings 
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wnv t a km at three pressures, U\.S, hldS anti SU.7 volts, with a 
millinnnuct ei. While s< u u< * difficulty was found in keeping 
,1h * ruJ,i * s at iln* same dampness, tin* results were fairly 
uniform. In I able l\ the average values in round numbers are 
yiven for 1 lit,* 2 in. (meimj cubes ami at. about 20 deg. cent. teim 
! ms rat urts 

It may be. of interest to note the specific resistances of the 
several solutions, although these would he modi tied when used 
with the cubes, as the sulphate and other parts from the cement 
would go into solution and change tin* conductivity. 


* S*»Ut Kivit ivsifrr......... 

loltr W.iOiift«c»§s Filins . . 
Isifti uui msl N **f V 1 nmIiiUmh 
I in*It DHlittilf * * 


* n n o\vf to iTiiir duvet evidence * »f idiaf at Knag 0 any, ! lie 
elerliif eunent will produce Oti the cohesive proper! V of the 
eonrivte, e\ ]u-riineiitwere made u .mg the arrang.-meut shown 
tii lug. n and with the » m in? ,»■. h*\\n m lug. 7. 

hour 7-in. smtim cubes were pin*ed in a row on a glass plate, 
■At cadi end was placed a plate of mm extending a little beyond 
tile uitiatv and having a copper wire .old* red to one edge for 
ele* 1 1 ii ul connection. t dass plates wrjv placed outside of flic 
tioii foi insulation and all put tti a w#n*deM dump, by which 
pressure could be applied so as to give a fairly good contact 
b'Hvmrn the mm plates and the cubes as well as to bring the 
four cubes into close contact in a series, i Hass at Hus were cut 
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2 by 8 in. (5 by 20.3 cm.) so as to lit. the sides of r hi* bun* mho; 
placed in a row and then held in plane by a st.ee! clip, AimUmr 
glass plate was placed on top and in this two small fin]*-;, had 
been drilled about five inches (12.7 cm.) apart. By mom, U | 
bottles and tubes as shown in Pig. f>, a salt solution wa--. « .uo 
tinually supplied through the holes in the cover glass and the 
cubes kept wet. The flow was adjusted by small clumps nit the 
tubes and satisfactory results were obtained in this manner, 
The cubes were kept in a fairly uniform state of dampne ;s with 
a minimum by-path for the current outside of the rubes between 
the iron plates. A storage battery was connected in series with 
the four cubes, letting the current pass between the imu plates 
and then through an adjustable outside resistance. The elec¬ 
tromotive force was kept on continuously for 2a da vs h *r »me ;h » 



and 30 days for the: second set,. At the anode, the iron corroded 
and the two cubes nearest this end became covered with the <is,ide, 
At the cathode no rust, appeared. J n Table Vi are given the 
data of the e.in.f. applied, the current, passing between the 
iron plates, and the time in days for one set. of cement cube:.. 

These data are typical for all the cubes and show variations 
of resistance similar to those recorded in Table 11, rebuilt); i,» ij„. 
cylindrical blocks. In all 32 cubes were treated in this manner 

Ihesc cubes were next tested for their compressive strength 
using an Olsen 30,0004b. (l-W-kg.) testing machine for the 
concrete and a Richie 100,000-lb. (4S,3f>».k R .) machine for the 
cement. Check cubes from the same set, were also tested and 
the results arc tabulated in Table VII. In the same fable’are 
recorded the average c.m.f. applied, the average current „»■ ■ In- 
between the iron plates, and the total number of days the cube'. 
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were kept, in circuit,, The cubes an* numbered in the following 
order; No, 1 was nearest Urn cathode, then No. 2 and 3 and No. 4 
nearest the anode. Nos. f> and t> art* cheek cubes not acted upon 
h -V die current. ^ The iron plate next to No. 4 showed much 
corrosion; cube No. 4 was covered with the* oxide and the others 
were.somewhat discolored. No. 4 gave off a strong odor of 
chlorine when taken from the circuit. 

hiom data given in 1 able V 11 it is readily seen that an electric 
current of low density passing through the cement and concrete 
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imneiif was mhbejrm to product' ehlortne gas at tin* isuhodc 
and was of about the density used in many of the experiments 
uunung failure in a few da\ , While experimentS Of a wider 
rang f e will be required to defenniue the limits within which the 
emrrti! produces no effect, the results are deemed suthrienf to 
show that the deterioration of" the cement was not tbe chief m* ‘w 


causing the failures in the other experiments 
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The following summary may be made: 
1. Concrete and cement, when dry, 


are good insulators, 


their specific resistances being of the order of 1,000 megohms 
per cubic centimeter. 

2. The conductivity of concrete and cement depends upon the 
porosity of the material and the nature of the solution in the 
pores. When the pores are full with an aqueous sodium chloride 
solution both cement and concrete are fairly good conductors 
of electricity. ' ' ^ 


3. The current flowing through the concrete probably follows 
the ordinary laws of electrolysis, with the liquid in the porous 
spaces of the concrete mnss cis the conductor. 

4. An electric current of low density passing through cement 
or concrete does not affect the compressive strength of the 
cement or concrete. 


( e ). ^ hen the current leaves the iron through an aqueous 
solution, oxygen,, and under some conditions, chlorine, will be 
liberated at the iron surface. An iron oxide or a salt will be 
formed and these chemical changes are accompanied by an in¬ 
crease in volume. When iron is changed to ferric oxide, (Fe»0 3 ) 
the volume is increased in the ratio 1 to 2.2 and a similar increase 
occurs when the other compounds are formed. No attempt 
was made to determine the magnitude of the stress that may be 
developed in this manner but it is known that enormous forces 
are required to prevent chemical action by mechanical pressure. 
Without doubt the forces produced by chemical action are 
ample to break the concrete, and all the observed facts can readily 
be explained on this basis. The observed data give evidence 
that the corrosion of the iron, caused by the electric current, 
precedes the crack in the concrete; that the increase in volume 
when the iron changes into an oxide or a salt is the direct cause 
of the failure of the concrete. 


III. Means and Methods for Protecting the Concrete 
from THE Action of the Electric Currents 
Granting that the current produces no direct effect on the 
strength of the cement, that the current through the concrete 
follows the usual laws of electrolysis, and that the failure of the 
concrete is caused by the increase in volume which accompanies 
the changing of the iron into an oxide or a salt, then it becomes 
a problem of how the corrosion of the iron may be prevented. 
Five methods will be discussed in order: 
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(a) By keeping the iron negative to the surrounding concrete 
so the current will flow to the iron in all cases. 

(b) By using alternating currents. 

( c ) By filling the pores of the surrounding concrete with some 
non-conducting material. 

(d) By coating the iron with a metal so that the conduction 
will be metallic instead of electrolytic when the current reaches 
the iron. 

(e) By coating the iron with some insulating material before 
it is placed in the concrete. 


(a) When the current flows toward the iron in an aqueous 
solution, hydrogen is given off at the iron surface and escapes as 
a gas, producing no reaction on the iron or the concrete. Ob¬ 
servations were made in a number of experiments .which showed 
no action at the cathode, but this point has been amply covered 
in articles already published. It is also evident that while this 
condition can readily be obtained in the laboratory, it is seldom 
possible or practicable on outside structures and hence can find 
little or no commercial application. 


_ ( b ) That alternating currents will greatly reduce if not en- . 
tirely eliminate electrolytic action is well known. Theoretically, 
the electrolytic effect should be nil if the currents flowing in both 
directions are exactly equal. To observe the action when ap¬ 
plied to reinforced concrete the following experiment was made 
with 60-cycle current. Two blocks, Nos. 416 and 417, were 
connected in series and placed in a 3 per cent sodium chloride 
solution. A similar pair, Nos. 419 and 420, were placed in the 
same tank and the two pairs connected in parallel In series with 
both pairs an adjustable resistance was placed, reducing the 110- 
volt pressure at the mains to about 43 volts across the blocks 
The current was kept on continually for 258 days and readings 
were taken on an average every other day. As the current and ' 
e.m.f. stayed almost constant for the whole period, the average 
values only are given in Table XII, No. 24. 

After the blocks had been in circuit for 125 days, a small hole 
four inches (10.16 cm.) deep, was drilled from the top of block 
No. 41, and parallel to the iron bar, in which a thermometer 
vas inserted The temperature inside the block was found to be 

' , eg " Cen !' lu 2 iler than the water in the tank. At the close 
of the experiment all the blocks appeared'in perfect condition 
An account of failure caused by heat due to a larger alternating 
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current^ has been published.’ These results are in accord 
with principles already established for the electrolytic action of 
^ CUrr *f and / ive evidence that unless the currents 

g „ gh + ° + n Pr ° dUCe excessive heating, no deteriorating 
effect will come to the reinforced concrete from alternating cur 
rents of equal positive and negative wave forms. ? 

(c) If the current is conducted electrolytically through the 

filled 3 th °° nCr8t % it S6emS Kkdy that if ^se spaces were 
filled with a non-conducting material, no current would flow 

In a laboratory experiment this end is readily gained. That 

blocks like those used m the experiments can first be dried and 

then covered by an insulating paint is obvious, and as long as 

the coating continues in good condition no current can flow and 


TABLE VIII 


Days from start 


0 

h 

1 

2 
3 

5 

6 
7 

10 

13 

14 
21 
22 


Amperes 

Volts 

0.238 

33.8 

0.335 

40.0 

0.202 

28.5 

0.099 

28.3 

0.108 

30.4 

0.092 

30.3 

0.093 

30.2 

0.086 

30.5 

0.082 

30.2 

0.102 

30.2 

0.108 

27.5 

0.184 

32.fi 1 

Taken out of circuit, cracked. 

_ I 


hence no corrosion can take place. It is also evident that such 
met o s are impracticable for any commercial structure. 

Much work has been done in connection with water reservoirs 
to reduce the porosity of concrete and cement. The problem 
of making cement a retainer of water is, however, much simpler 
than to exclude the moisture so as to make concrete a non¬ 
conductor. In order to note what difference would be indi¬ 
cated, a set of blocks was treated by Sylvester’s process. The 
proportions used were the same as those employed by the 
United States Army engineers : one part of soap to one hundred 
of water, and one part of finely powdered alum to one hundred 
parts of cement. The blocks were then placed in a circuit and 
observations made as shown in Table VIII. 

8 Nicholas, Engineering News , Dec. 1, 1910, page 259. 
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. The blocks cracked after 22 days in circuit and the results 
indicate that little or nothing was gained by the treatment. 
Other methods used m waterproofing cement may be more effec 
tive Still, it is not likely that any combination can be found 
which wdl so fill the pores that the moisture will be excluded 
and the concrete become a non-conductor of electricity 

id) If the current should leave the iron through some other 
metal so that the oxygen ions could not come in contact with the 
iron, the corrosion would be prevented. Naturally the metallic 
covering should be so selected that the evil would not be 
transferred instead of eliminated. Coating the iron with zinc 
proved useless, as seen in Table XII, No. 9. Bearing in mind the 
electrolytic properties of aluminum, which have become so 
generally known through the electrolytic lightning arrester it 
was thought that this material would automatically produce’an 

AMPERES 



Curve II 


insulating layer which would effectively prevent the flow of the 
current.. To test this directly on the aluminum, blocks were 
made using aluminum wire instead of the iron bars. In Table 
IX and Curve II data are recorded indicating the action of the 
aluminum in a fresh water solution, and showing the recovery of 
the conductivity when the circuit was broken. 

The characteristic drop in current occurring during the first 
few minutes when in circuit should be noted. After a short time 
the current has become almost negligible. 

Using a 3 per cent salt solution the results were similar. The 
data are given for two voltages in Tables X and XI. 

For Table X readings were continued for 153 days and the cur¬ 
rent remained at 0.001 ampere with the pressure about 44 volts. 

For Table XI readings were continued for 127 days with an 
impressed voltage of about 1.10 volts and a current of ap¬ 
proximately 0.001 amperes. The concrete remained unchanged. 
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Since the same increase in resistance, and recovery on open 
circuit, was obtained with the sodium chloride solution as 
with the fresh water, it is inferred that the same chemical change 
took place on the surface of the aluminum. Bare aluminum 
placed in a 3 per cent sodium chloride solution will not 
become covered by an insulating coating if the action is 
fairly rapid, as will be the case with even a few volts pressure. 
The escaping gas, the convection currents in the water, and other 
factors prevent the formation of a layer giving high resistance. 
Inside the concrete the conditions are different and the 
observations tend to prove that an insulating layer will also be 


TABLE X 


Aluminum wire in concrete, salt water 


Time from start 


10 sec. 

20 a . 

30 «. 

40 *. 

50 “. 

1 min. 

2 “. 

3 * .’ 

4 a . 

5 “. 

10 “. 

45 *. 

3 days. 

5 “ .‘ * 

153 '* (continued) 


Ave. 


Amperes 

0.180 

0.155 

0.140 

0.120 

0.105 

0.095 

0.085 

0.060 

0.044 

0.035 

0.030 

0.015 

0.007 

0.001 

0.001 

0.001 


Volts 

36.0 

36.0 

36.0 

36.0 

36.0 

36.0 

36.0 

36.0 

36.0 

36.0 

36.0 

36.0 

37.0 

42.6 

44.1 

Ave. 44.0 


further tests will 


formed with the salt solution as electrolyte, 
be made on this point. 

-I°^ anSfer I heSe COnditions t0 the iron > the bars were covered 

thl-ftheT^T- Paint ’ ^ he chara cteristic drop in current- 
. 1 ’ Tf rapld nse in resistance due to the formation of alum 

*"r “St- shown for the 

,, T ^ e current 1S reduced to a small amount in a short time 
and if the circuit is broken, recovery occurs with The l 
similarly to that noted under the aluminum bars. With h^h, 11 
pressures, the coating is seemingly broken through quite rapidly 
the resistance does not increase as much as for solid aW 
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inum. Although the current for voltages like those in Table XII, 
No. 13, is reduced to a small quantity, the paint with the amyl' 
acetate as a binder does not protect the iron from corrosion 
The time element before failure of the concrete occurred was 
considerably increased, but the blocks cracked as in the case of 
bare iron. Two explanations are suggested. First, in salt water 
solution, the chlorine given off at the cathode attacks the alum¬ 
inum and thus destroys the protective qualities of the oxide 
film, and when the aluminum has all been changed to a salt 
the current can attack the iron. Second, the oxygen ions pass 


TABLE XI 


Aluminum w 

r ~— 

re in concrete, salt wat 

er 

Time from start 

Amperes 

Volts 


0.80 

82.0 

10 sec. 

0.64 

83.0 

20 " .. 

0.56 

85.0 

30 “. 

0.49 

87.0 

40 “. 

0.44 

89.0 

50 “. 

0.41 

91.0 

j 1 min. 

0.38 

93.0 

| 2 “ . 

0.26 

99.0 

‘I 3 “ . 

0.20 

102.0 

4 “ . 

0.16 

104.0 

5 u . 

0.13 

106.0 

10 “ . 

0.065 

110.0 

20 

0.032 

112.5 

30 “ . 

0.022 

113.5 

1 hr. 

0.011 

114.5 

2 “. 

0.007 

115.8 

4 *. 

0.003 

116.0 

5 *. 

0.003 

116.0 

1. day. 

0.001 

108.0 

2 days. 

0.001 

110.0 

127 4 ‘ (continued). 

Ave. 0.001 

Ave. 110.0 


between the layers of aluminum flakes and thus reach the iron. 
The latter process seems to be the most probable. By using 
other binders, it was hoped that better results would be obtained* 
Bars were coated with aluminum mixed in varnish and several 
of these were tested. In Table XII, No. 14, the results from 
one block are given. By using the varnish alone similar results 
were obtained, as may be noted in Table XII, No. 15. Evi¬ 
dently, the insulating properties are due to the varnish more than 
to the aluminum, and the permanency of the protection would 
depend on the stability of the varnish. 
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TABLE XI! 



Elec 

Time 

j 

j 


tro- 

in 

j Volfs 

| Amp* i 


lyte 

circuit 

| avera>*« 

• j avera»;r 

f 

1. Bare iron. 

Fresh 

water 

20 d.t 

22.0 

| 0 OVI 

2, Bare iron. 

Salt 

water 

2f» da. 

N.O 

O ft 1 

3. Bare iron.. 

Salt 

water 

5 da 

22 0 

1 

i 0.2*3 

4. Bare iron 

Salt 

21 da. 

30.3 

; <*. i:*s 

Concrete mixed 
with soap and 
alum. 

water 





5. Red lead in 

Salt 

47 da. 

30 O 

■!' 0 070 

linseed oil. 

water 



j 

0. Red lead in 

Salt 

7 da. 

31 0 

0 H . 

j 

linseed oil. 

water 



7. Graphite 
paint;. 

Salt 

water 

Salt 

U da, 

3! 0 

1 

i 

I 

0.2113 I 

0. Zinc coated 
iron bar. 

4| hr. 

! 

! 

HIM) 

1 ! 

1 , 0a 

water 

Fresh 

10. One coat of 

UK da- 

42 0 

0.123 

aluminum in 

amyl acetate... 

water 




11. Two coats 

Sea 

14 da. 

43.3 

OJ HO 

of aluminum in 
amyl acetate... 

water 




12. Three coats 

Fresh 

20 da- 

02.0 

O tmt 

of aluminum in 
amyl acetate,., 

water 




13. Three coats 

Sea 

37 da, ! 

103 7 

0 300 

of aluminum in 
amyl acetate... 

water 




H. Three coats 

Sea 

m da, 

100.0 

0,00! 

of aluminum in 
Florette varnish 

water 




If). One coat 
Florette varnish 

Salt 

water 

170 da. 

42,0 

rum? 


hr. 

appya.tu 


■\ I ;{ n: ■?. . w-1 33 

■ JllA; hr 

ally ndo 

; MW? e •! 


0 

m .... i 

> 5 l 


3^,., 

a He. 
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:t»t m 

IMU, u li 



♦M .i 

‘ Ul * 1 . **. u 


M 7 

W l ,, i r-L 

11 ' f 
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Elec¬ 

tro¬ 

lyte 

Time 

in 

circuit 

16. Two coats 

Salt 

73 da. 

marineT ockolith 

water 


17. Two coats 

Salt 

312 da. 

P.&B. paint.... 

water 


18. Two coats 

Salt 

198 da. 

P.&B. paint.... 

water 


19. Two coats 

Salt 

258 da. 

asphalt paint, 

water 


T. C. U. Co.... 



21. Two coats 

Salt 

41 da. 

R. I. W. No. 110 

water 


paint... 



22. Two coats 

Salt 

184 da. 

of Tockolith and 

water 


one coat of R. I. 



W. No. 110.... 



24. Bare iron 

Salt 

258 da. 

alternating cur¬ 

water 


rent. .. 




TABLE XII—Continued 


Volts 

average 


100.0 

40.0 

39.2 


104.0 

31.0 

107.0 


Amperes 

average 


0.007 

0.003 

0.004 

0.001 

0.005 

0.000 


40.2 | 0.445 

(Two blocks 
in series) 


Ampere- 

hr. 

approxi¬ 

mate 


12.3 

22.5 

19.0 

6.2 

4.9 

0.0 

2760. 


Results 


Block cracked, iron 
corroded. 

No evidence of cor- 
rosion. 

No action observed 
for four months. 
Block finally 
cracked, iron cor-j 
roded. 

No evidence of cor¬ 
rosion. 

Block cracked, iron| 
corroded. 

No evidence of cor¬ 
rosion. 


No evidence of cor¬ 
rosion. 


With the iron coated by a continuous layer of al umin um so as 
to eliminate the passageway for the oxygen ions to the iron, the 
desired results might be achieved. Iron bars plated with alum¬ 
inum were not available but it seems likely that the automatic 
increase in resistance would follow in a manner similar to the 
experiments on aluminum wire. With a practical method of 
coating the iron with aluminum, the problem of protecting the 
reinforcing bars in concrete from electrolytic action may be 
solved. 

(e) If the iron bar be coated with an insulating compound 
before being placed in the concrete, thus preventing the flow of 
electricity, it is evident that there will be no corrosion of the 
iron. To find a material with which such an insulating coating 
can readily be placed on the iron so as to produce commercially 
practical results is no easy task. Work has been done on this 
problem by Dr. Maximilian Toch, who has prepared a special 
paint for which he claims protective properties. This and a 
number of other commercial paints were tested and a summary 
of the observations is given in Table XII. In all cases the paint 
was thoroughly dried before the block was made; andja period of 
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at least thirty days was given for the concrete to set before the 
block was placed in the circuit. The density of the salt water 
electrolyte was approximately 1.026. In the first column is 
noted the material with which the iron was coated before being 
placed in the concrete. Current was supplied by a storage 
battery and the e.m.f. was subject to changes similar to those 
recorded in Table II. 


The results indicate that the time element is an important 


factor in determining the protective 
qualities of a paint. The deteriora¬ 
tion of the insulating power of the 
paint is probably due to a slow ab¬ 
sorption of moisture. No. 18 gave no 
indication of corrosion during the first 
four months, while complete failure 
followed by continuing the process 
two months longer. No. 17, prepared 
in the same manner as No. 18, 
show T ed no signs of corrosion or failure 
although the e.m.f. w r as applied for 
over ten months. Similarly, the 
time required to produce failure in 
No. 5 was over six times as long as for 
No. 6. The data recorded in Table 
XII, excepting for Nos. 5 and 7, are 
for the block in each group which 
failed in the shortest time. The time 
for producing failure varied consider¬ 
ably for the several blocks in a 
group. The sets of blocks represented 



by Nos. 17, 19 and 22 gave no evi¬ 
dence of corrosion, but whether the 


Curve III. 


concrete will be protected indefinitely or failure will follow by 
continuing the process for a few more months remains to be 


seen. Since the insulating power of any material is greatly 
affected by changes in the moisture content, it seems evident, 
that the covering which will give permanent protection must 
not absorb any water. 


If a paint be found that will permanently protect the iron from 
corrosion it becomes necessary to determine what effect the layer 
of paint will have on the reinforcing power of the iron. For a 
preliminary test ten blocks were made using smooth f-in. 
(19-mm.) iron bars that had previously been covered with two 
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coats of “ P. & B.” paint. For every two blocks with painted 
bars a third was made with bare iron. The bars were let down 
to the bottom of the moulds so as to give uniform conditions. 
For testing, the iron bar was moved relative to the concrete by 
means of an Olsen 30,000-lb. (13,607-kg.) testing machine. 
The stress applied was read in pounds directly on the scale of the 
machine, while the displacement of the iron relative to the con¬ 
crete was measured by means of a scale, telescope and mirror. 
The mirror was mounted on a small tripod, which rested with two 
points on the concrete block and a third point on a small clamp 
screwed to the iron bar. The contact surface between the iron 
and the concrete was 25.5 sq. in. (166 sq. cm.). The relations 
between the stresses applied and the corresponding displacements 
are given in Curve III. It is readily seen that the presence of the 
paint greatly reduced the maximum shearing force. The data 
given in Curve III are for smooth bars. It is quite likely the 
effect would be less marked when using the Johnson or other 
commercial form of reinforcing bar, but the reduction factor 
should be determined. 
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Discussion on “ Electrolytic Corrosion in Reineorced 
Concrete.” Chicago, June 30, 1911. 

Burton McCollum: The paper by Professors Magnusson and 
Smith is an interesting and important one since it deals with a 
subject that has recently sprung into considerable prominence. 
A number of investigators have published papers on this sub¬ 
ject during the last four or five years and much information has 
been brought to light. This paper carries our knowledge a step 
farther in several directions, but much still remains to be done, 
and it is encouraging to note that the authors are continuing this 
work. 

The conclusion reached by recent investigators and which 
appears to be concurred in by the authors of this paper is that 
the failure of the concrete is due not directly to the passage of 
the current through the concrete, but indirectly to the corrosion 
of the imbedded metal and has therefore been described as an 
anode effect, since the cathode does not corrode. It cannot be 
doubted that the most conspicuous effect occurs at the anode 
and -the cracking of the concrete is no doubt due entirely to this 
cause. The Bureau of Standards has been carrying out in¬ 
vestigations on this subject during the past year and among 
other things these investigations have brought out the fact 
that there is a cathode effect quite independent of the effect at 
the anode. The specimens in which this effect has been ob¬ 
served were of a size and form very similar to that adopted by 
Professors Magnusson and Smith, being cylinders with metal 
rods imbedded at the center. When these specimens have been 
placed in circuit with 15 volts pressure with the imbedded metal 
as cathode a distinct softening of the concrete near the cathode 
has been observed. The softening is confined to the region 
near the cathode, extending in some cases to about half an inch 
therefrom. No cracks, however, developed at the cathode. The 
cause of this softening has not yet been definitely determined, 
but the matter is now the subject of investigation. 

The effect of various voltages on reinforced concrete has also 
been studied and it appears that the time required for cracking 
of the concrete around the anode decreases much more rapidly 
than the current increases. The variation between individual 
specimens under the same treatment is so great that no definite 
law has been determined, but it is safe in general to say that the 
number of ampere-hours required to crack a given specimen is 
much greater in case a low voltage is used than when a high 
voltage is applied, and this is true even when the voltages do not 
reach a value sufficient to produce serious heating. 

A number of different brands of Portland cement have been 
tested. The specimens used in this test were 1:2| :4 of Portland 
cement, coarse sand, and crushed trap. Specimens were made 
of each of the following brands of cement: Atlas, Dragon, Alpha, 
Lehigh, Pennsylvania, Giant. All contained imbedded elec- 
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trodes of 1-in. pipe cleaned and weighed, except the specimens 
of Giant cement, which contained f-in. solid iron rods. Six 
specimens of each brand were used, but while the results differ 
considerably in some cases, this difference is but little greater 
than is to be found in different specimens of the same kind of 
cement made at different times, so that it is not to be expected 
that any one cement will prove materially more resistant to the 
effects of electrolysis than the others. 

Several series of experiments were carried out using brass, 
carbon, copper and other electrodes. In the first series a pair 
of each were put in parallel on 15 volts direct current, one of the 
pairs being anode and the other cathode (the other electrodes 
were sheet iron surrounding the cylinders in tap water). 

All specimens are still uncracked after seven months’ run. 
After a month or two the cathode carbon specimen began to’ dis¬ 
charge a thick tarry substance at the top end of the carbon, ap¬ 
parently forced up through the core by pressure from below. 

On the top of all the cathode specimens, the mortar had ap¬ 
parently disintegrated for about 1 inch around the cathode. 
To see whether this extended downward into the concrete, the 
carbon specimens were broken open. It was found that there 
was a softening around the core for about ^ in. only, ‘the soften¬ 
ing at the top being confined to the surface layers. 

The surface of the anode carbon had disintegrated for about 
■jtV in. No other effect was apparent. There was no certain 
evidence of loss of strength in either anode or cathode specimens. 

An interesting comparison may be made by computing the 
number of ampere-hours passed per sq. in. of anode surface. 
Cracking has occurred in the iron anode specimens when this 
quantity has amounted to a value ranging from 0.8 to 3.0. That 
for the carbon is 3.0 with no cracking. 

In the second series, two pairs of specimens, having brass and 
copper electrodes, were arranged so that 1 copper and 1 brass 
specimen were put in series across 115-volt direct current, both 
being anode, and 1 copper and 1 brass in series as cathodes on 
115 volts. 

No cracking of any specimen occurred during seven months’ 
run. At the end of this time all four were broken open, and the 
following points were noted: 

The anode specimens were sound and hard, with no evidences 
of deterioration. Both anodes were considerably pitted, the 
losses being about 10 grams apiece, rather more for the brass 
than the copper. Greenish products of copper had penetrated 
i in. to i in. into the concrete from the electrodes. Ampere- 
hr. per sq. in., 10.1. 

The cathode specimens showed evidence of deterioration as 
described in the first series. The surfaces of the cathodes had 
the appearance of weathered copper, and a distinctly dark layer 
of disintegrated mortar extended for about \ in. to \ in. all around 
the metal. Ampere-hr. per sq. in., 36.8. A peculiar feature was 
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noticeable in that the final resistance of the copper anode speci¬ 
men is about 1/10 that of the brass anode specimen, while the 
reverse was the case in the cathode specimens. 

Much work has been done with a view to throwing light on 
possible methods of protecting concrete from electrolysis. 
Since the most destructive effect is the cracking of the concrete 
due to corrosion of the anode it follows that if the anode can be 
protected from corrosion this trouble will be eliminated. The 
authors suggest doing this by preventing the current flow. Their 
observations on the effect of insulating materials on the bond 
between iron and concrete are confirmed by our experiments, 
although even greater reductions in the shearing stress have been 
noted. In one case, in which the rod had a rather heavy coating 
of pitch, it was forced out of the concrete by pressure which 
gradually developed from within. This would seem to indicate 
that the method of insulation should be resorted to with great 
caution if at all. 

The suggestion made by the authors that iron might be coated 
with aluminum to protect it from corrosion is novel and worthy 
of serious consideration. It appears to have been established 
that if iron can be successfully coated with aluminum com¬ 
mercially this method could be used to protect the concrete from 
cracking. Perhaps the most obvious method of attacking this 
problem, however, would be to take advantage of the insulating 
properties of dry concrete. Concrete, when dry, is a fairly good 
insulator, good enough in fact to prevent any appreciable corro¬ 
sion under any conditions that might arise. We have therefore 
done a great deal of work on the subject of water-proofing con¬ 
crete. A large number of waterproofing agents now on the 
market have been tried, but with indifferent success. These 
tests have included those waterproofing agents that are to be 
mixed with the cement and also those that are to be applied 
to the surface of the concrete, as a paint. Not one of these 
agents, however, has shown sufficient tendency to reduce the 
damage or prolong the life of the cement, to justify its use in 
practise. Experiments now under way using treated papers, 
felts, etc., give promise of much better success. The success 
of these coatings, however, depends mainly on the insulating 
properties of the coatings themselves, so that it is immaterial 
whether the concrete, is wet or dry. This is obviously im¬ 
portant since it is difficult to secure dry concrete under practical 
conditions. 

Another method of reducing damage due to electric currents 
is to employ some means of reducing the efficiency of corrosion, 
and a great deal of work has been done along this line at the 
Bureau of Standards. It has been found that in ordinary 
concrete the efficiency of corrosion is quite low, the actual 
amount of corrosion caused by the passage of a given number 
of ampere-hours being of the order of from eight to 15 per cent 
of the theoretical maximum. This is due mainly to the presence 
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of a large amount of calcium hydroxid in all Portland cements. 
Attempts have been made to reduce the efficiency of corrosion 
still further by increasing the amount of calcium hydroxid and 
it has been found that this does reduce the corrosion to a con¬ 
siderable extent and its addition does not injure the cement, but 
on the contrary increases its strength somewhat and renders it 
somewhat less porous. The difference, however, even when 20 per 
cent by weight of calcium hydroxid was added to the cement, was 
not great enough to warrant the use of this method in practise, since 
at best it could but delay the trouble for a little while. Other 
and more soluble hydroxids will doubtless give better results, 
but it is not clear as yet what effect these may have on the 
properties of the concrete. Barium hydroxid has been shown 
to reduce the efficiency of corrosion very greatly. This is 
probably due to its reduction of the calcium sulphate present. 
All Portland cements contain a certain amount of calcium sul¬ 
phate, the amount being in most cases of the order of 3 per cent 
by weight of the cement. This is added just before grinding the 
clinker and serves the purpose of retarding the setting of the 
cement. Experiments carried out at the Bureau of Standards 
have shown that the greater part of the electrolysis is due to 
the presence of this added calcium sulphate. When barium 
hydroxid is added to the cement the sulphate is precipitated out 
as the insoluble barium sulphate and in this way the efficiency of 
corrosion has been reduced to a fraction of one per cent. Other 
experiments have been made using specially ground clinker to 
which no calcium sulphate has been added. This, however, was 
not entirely free from sulphate, there being a residuum of about 
3/10 per cent present in the ordinary course of manufacture, or 
about 1/10 the amount present in ordinary commercial cements. 
Specimens made up with this cement showed a corrosion effi¬ 
ciency of but a small fraction of 1 per cent. The great difficulty 
in using this lies in the difficulty of making sound concrete when 
the calcium sulphate is absent, owing to the very rapid setting 
of the cement. This is very troublesome even in the laboratory 
and in practise it would no doubt be prohibitive unless some 
means other than the use of calcium sulphate can be used to 
retard the setting of the cement. In making laboratory speci¬ 
mens this trouble may be largely overcome by using ice water 
in mixing the cement, and it is possible that this might also be 
accomplished in practise. Much additional work remains to be 
done, however, before the practical value of this method of pro¬ 
cedure can be demonstrated. 

The importance of this and similar papers mainly lies, of 
course, in the fact that they demonstrate the possibility of 
damage to reinforced concrete structures such as buildings, 
bridges, etc., due to stray currents from railways or from other 
sources. That such possibility exists has been amply, proved 
by laboratory experiments and it becomes a matter of im¬ 
portance to determine whether or not such damage is likely to 



2084 


ELRCTROL YTIC O*RRf * A/'> A" 


; j use 


:;u 


occur in practise, and ii so, to seek the most sun a hie remedy. 
Numerous cases ot damage to reinforced concrete buiidim* ■ and 
bridges have been reported during the last tew years, in w Inch ! la* 
damage has been attributed to elect rolvsi W« have hud 
occasion to examine a number of such eases- and in every ease 
thus far investigated there has been evidence that stray currents 
had little if anything to do with the del era »rati< m «»i the n merete. 
That the damage is in some eases due to corn»siou of the rein 
forcing material by local galvanic currents there ran be im 
question, and in a sense therefore it may be aid n* be due to 
electrolysis, but in each east.* a careful examination has, eon 
vinced us that stray currents from railways, or other power 
circuits could not be held responsible tor the trouble. 

It should not be inferred, however, that eases yi damage dm* 
to stray currents do not exist or may not occur. The laboratory 
experiments of numerous investigators, have shown that such 
damage may result if conditions are favorable, and thorough 
investigations should be made to determine whether or not urh 
conditions often arise* under actual conditions. Hut until such 
cases are found and it- can be shown beyond doubt that dray 
currents are responsible for the damage it in be: 4 that we be 
cautious about drawing conclusions based solely on laboratory 
experiments, lest we create unnceessary alarm among builders, 
and property owners and work an injustice to electrical in 
terests already somewhat overburdened with troubles arising 
from electrolysis. The work has reached a stage which calls 
for extensive investigations in the field to determine precisely the 
magnitude of the danger. Such investigations are now being, 
carried out by the Bureau of Standards, 

E. W. Stevenson: I would like to ask the last speaker, if 
he saw a recent report in tin* /ri/gbnvm/r A Vve.v which described 
the effects of electrolysis on a whole building, including the 
foundations, ceilings and every story, where the strav current:; 
were being dissipated. The building is a new one, t Ire business 
is that of a cold storage packing house, and if. is situated within, 
about 300 ft., I think, from the power house of a traction nun 
pany. Several investigations have been made bv different com 
panics, but this was the first, public report as to the actual results 
of this electrolysis. 

Of course it was presumed that, if was tin* tract ion eompanv ‘s 
current doing all the damage. An engineer was called in bv the 
traction company, and Jut proved., apparently to the satisfaction 
of both parties, that, the current used by the traction eompam 
had nothing to do with it and the clest.met.ion was duo tot lie cold 
storage company’s own electric light plant. The engineer's 
proofs appear to have been very simple, for he merely connected 
two voltmeters with the steel structure of the building' connecting 
the other sides, in one ease to the track of the trolley company, 
and in the other ease to the mains of tin* company’s own 
electric light plant* Then by manipulating switches 1 in each 
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circuit, he proved to the owners of the building that it was their 
own current, and not the stray current from the trolley system, 
which was doing the damage. 

All who have anything to do with installation of electric wires 
in buildings are aware of the strict rules governing every part of 
the work, under the Board of Fire Underwriters. And it seems to 
me almost impossible for any inspector of this department to 
have passed such an installation before the current could have 
been turned on. For, if the-engineer’s exposure of the situation 
was correct, the' circuits must have been grounded all over the 
building. 

What I would like to know is this: How would it be possible 
to prevent a similar occurrence, supposing that the conditions 
were the same? For there are not many people who would look 
for such disintegration of their buildings, unless they were ex¬ 
perienced in it. 

Speaking from my own personal experience, the company 
I am connected with recently erected a building as an addition 
to its plant. The basement is constructed of reinforced con¬ 
crete, and just out of curiosity, a few weeks ago, as I happened to 
have a low-reading voltmeter, I tested to see if there were any 
currents escaping from the trolley rails, which run past the build¬ 
ing, to the columns of the structure. I found when a car was 
passing, a pressure rising from i a volt to 2 volts. The needle 
was deflected till the car got past and for about a mile further, 
when it gradually came to rest. I had no method of obtaining 
the quantity of current, but the local traction promised to look 
into the matter at once and to remedy it. 

G. D. Shepardson: We are likely to make ourselves more 
trouble than is necessary over this question of electrolysis, 
because, in so many cases the corrosion which occurs is due to 
a purely chemical action, or to local action on account of non- 
homogeneous composition of the metal. I presume that many 
of us have had cases brought to our attention of trouble, ap¬ 
parently caused by electrolysis, where it could be shown, at 
least to the satisfaction of interested parties, that the trouble 
might have been caused by non-electrical causes, or at least by 
purely local currents. So it seems to me that we should guard 
ourselves against too much alarm on account of stray currents 
coming in from outside. In short, other sources of trouble may 
come in which will relieve the railway companies from re¬ 
sponsibility. 

George A. Hoadley: Since it seems to be evident, from the 
proof that we have had, that there is a kind of disintegration 
taking place in concrete due to the passing of the current from 
the iron to the concrete or from the concrete to the iron, I want 
to ask Professor Magnusson whether it would not be possible for 
the construction companies to so arrange a metallic by-pass with 
the inside imbedded iron that the current could be shunted 
around the concrete? It seems to me that a shunt circuit could 
be provided that would take care of this. 
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A. S. Langsdorf: About four years ago, I published the re¬ 
sults of a series of experiments on this same subject, and in gen¬ 
eral they confirmed those which Professor Magnusson has re¬ 
ported here. I did not go quite so far in an attempt to prevent 
the corrosion as he has done, but confined the work to a study 
of what would happen if the current passed through the concrete 
specimens. It was found that even with a very small current, 
2/100 of an ampere, the damage was just as great, if allowed to 
continue, as with much heavier currents for a shorter time; but 
the question that arises is whether, under actual conditions, 
with structures buried in damp soil or water, there is likely to 
be any voltage of sufficient magnitude to force through the cur¬ 
rent that could do the damage that the 2/100 of an ampere did 
in the case of my specimens. The apparent resistance of the 
specimen, after the action has gone on for a short while, is very 
high, due, no doubt, to polarization that takes place; it amounts 
to about 500 or 600 ohms per specimen, with a thickness of 
2J or 3 in. of concrete; and that means that the voltages that are 
likely to be found in practise due to stray currents from rail¬ 
ways, say, perhaps, from one volt up to a maximum of 10 or 12 
volts, are hardly large enough to produce a current of destruc¬ 
tive magnitude. With reference to what Professor Hoadley 
has just said, it may be of interest to remark that after I ex¬ 
plained the results of my work to the Engineers’ Club of St. 
Louis, the engineer of the Board of Education took the op¬ 
portunity, in the construction of the concrete footings of a new 
school building, to bond the reinforcement in such a way that 
if current did get in from a neighboring street car track, it could 
get out again without going through the concrete. That is 
the only case of the kind to my knowledge where concrete foot¬ 
ings have been bonded in that way. 

Maxmilian Toch: C. Edward Magnusson and G. H. Smith’s 
paper on the “ Electrolytic Corrosion in Reinforced Concrete ” 
is a welcome addition to the literature on the subject. They 
have mentioned me as one of the earlier investigators on this 
subject, but since I began these investigations 10 years ago, a 
dozen or 15 excellent papers have been written on the subject, 
all of which tend to throw light on it. 

What I established was 

1. That there is such a thing as electrolytic corrosion. 

2. That corrosion always takes place at the anode. 

3. If pressure of surrounding concrete is less than the pressure 
exerted by the formation or the conversion of iron into iron hy- 
droxid, the concrete is bound to split. 

4. That no corrosion can occur if a suitable insulating paint 
be used, which 

A. Must be proof against the action of alkali. 

B. Proof against the action of water. 

C. Of such composition that concrete will adhere to it. 

Shaffer has shown that the strength of the currents with which 
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he worked, and which in some instances were so weak that 
water could not be dissociated by them, produced corrosion 
just the same. 

It must be understood that I am only a quasi-instructor on the 
subject of the chemistry of paints, but in former years I was fre¬ 
quently consulted on matters pertaining to corrosion, outside of 
my regular business, and during such consultations I was in¬ 
formed and saw where much damage had been done. I recall 
one case particularly, where huge pieces had been eaten out of 
the side of a steel bridge. The corrosion was not chemical in 
the true sense, but was electrolytic, and the damage was done 
entirely by both a voltage and amperage of less than 2. 

Messrs. Magnusson and Smith make a statement that I have 
worked on this problem and have prepared a special paint. I 
refer to test No. 22, two coats of Tockolith and one coat of R . I. W ., 
No. 110; electrolyte, salt water; time in circuit, 124 days; average 
volts, 107; showed no evidence of corrosion. This is the only 
test in the entire lot made by the investigators which shows that 
the paints in question insulated perfectly. Every one of the 
other paints used shows a leakage, which indicates that the in¬ 
sulating properties are not as good as the test just mentioned. 
I dislike to criticize the tests that have been made, because the 
work deserves great commendation, but the voltage and am¬ 
perage are entirely too strong, for whenever electrolytic corro¬ 
sion takes place, either through induction or through some leaky 
wire, both the e.m.f. and the current values are usually less than 
2, and the surprise to me is that any paint should stand at all a 
voltage of 107 for 124 days. 

I made an examination of some grillage beams which had been 
coated with these same paints and placed in salty concrete, and 
after five years, when the grillages were uncovered, the paint 
was still intact and there was no evidence of corrosion. 

What Magnusson and Smith have shown with reference to 
red lead, graphite, and, in fact, all paints in which a linseed 
oil varnish is used, is not new, but deserves the careful con¬ 
sideration of every engineer who still uses linseed oil paints on 
structural steel, for, even if there is no electrolytic corrosion, 
or any danger of it, alkaline moisture tends to destroy paint 
completely in which the binder is oil. Excellent work on this 
subject has been done by Mr. G. F. Shaffer. 

It is to be hoped that Messrs. Magnusson and Smith will 
continue their researches, the next time with weaker currents, 
and also with cements that are waterproof and that contain 
broken stone, so that a fair comparison can be made as to the 
action in concrete. It would be well to try out the water¬ 
proofing compounds on the market which are added to the 
cement, and the waterproof coatings which are often applied 
after concrete has set. 

Guy F. Shaffer : This series of tests, on a subject of such vital 
interest to concrete firms, structural, bridge and electrical engi- 
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neers, railroad companies rising electric motive power and street 
railway companies, should bring forth the fullest discussion as 
to the limits of investigation in theoretical work of this character. 
It is the object of the writer to define, from one point of view, 
some of the limitations and give reasons for such definition, 

A. Stray Currents. The first factor in the problem is; at 
what stray current voltage will corrosion of ordinary unstressed 
steel occur? Now fay “stray currents" an upper limit is 
usually defined in the neighborhood of la volts. Kven lower 
voltage drops should be secured with correct electrical installa¬ 
tion, but any thing above that must be considered a derided 
“leak”. Therefore any test which is carried above that limit 
is forcing conditions on the concrete which arc not likely to 
remain long undiscovered in any electrical circuit. It is current 
flowing at lower and less likely to be discovered voltages that 
needs study. The writer has published a report on a test to de¬ 
struction at 3.4 volts and unless investigators wish to spend 
months in useless duplication, no further tests should be made 
above that limit. To add fur titer data to this point let me 
say that other tests have just been completed in the labora¬ 
tories of the Massachusetts Institute of Technology showing that 
at LI volts.corrosion will occur, but these tests were no! carried 
to destruction. 

Outside the question of inhibiting or minimizing si ray current 
corrosion by waterproofing or other specially applied methods, 
this voltage drop is dependent upon several variable's; 

1. The thickness of the concrete. 

2. The per cent proportion of salt solution itt the surrounding 
electrolyte, 

3. The density of the mass (involving the proportioning of 
ingredients). 

With a decreasing voltage those factors simply reduce the 
amount of current flowing, but if is the law of the change in 
the rate of corrosion of imbedded steel which a careful study of 
these variables would define. 

B. Ingredients in Concrete, Another fat dor is the kind of 
cement, involving as well the kind of stone. This quest ion brings 
up the discussion of the cause of failure in the concrete. If the 
action going on is simply an accumulation of rust., and nothing, 
more, the problem of the ingredients vanishes, A test with a 
noil-corrodible anode, such as an arc light carbon, would give 
some data on that question. But, ii there is a chemical react a m 
going on in the block itself, the chemical nature of the cement 
and the chemical nature of the stone should be known, Under 
this head the fact should lie pointed out that what should be 
studied is concrete as “ I'lmmle," nut as cement and sand. 

C. Imbedded Metal, Another factor is the hind of steel, iron 
or other imbedded metal used and the stress to which it is sub 
jected. The question of stress involves not only the stress on 
the metal, both internal and applied, but. stress in the concrete 
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as well. Before the bars are imbedded or tested in any way 
electrolytically their mechanical and chemical properties should 
be known, as these properties may have a decided effect on the 
results, which effect would only be brought out by careful com¬ 
parative experiments. 

A complete study of the three factors outlined above, de¬ 
veloped in such a way that the results given are comparable 
with other experimental data, will determine very closely the 
law of imbedded corrosion. 

D. Prevention . A fourth factor is the question of prevention 
and under this head should be studied all the typical waterproof¬ 
ing compounds and iron preservative paints so that no question 
of commercialism enters into the application of the results. 
Now to examine critically the work done by Messrs. Magnusson 
and Smith as it comes under these several heads. 

Under A: Every test reported was carried on at such a 
high voltage that the five factors they name as involved, (a), 
(b), (c), ( d ) and ( e) were distorted out of their true relation to the 
practical side of the problem. 

The ohmic resistance across the cement and sand should have 
been reported both before and after the blocks were put in circuit. 

If by “ fresh water ” (mentioned in Table II) is meant 
the river or lake water, the tests are not comparative, as the per 
cent of impurities should be definitely known. 

The mass was not examined as to density. 

Under B: Report is given as to the brand of cement and its 
mechanical properties, but no chemical analysis is given. 

As no stone was used the question of “ concrete ” is immedi¬ 
ately eliminated. 

Under C: Not only was the iron not reported on chemically, 
but no report is given as to the weight of the imbedded bars in 
order to determine the variation in the rate of corrosion from the 
well defined electrochemical law of 1.045 grams per ampere-hour. 

Under D: The report on waterproofing and paint tests is 
interesting and valuable to engineers, but it narrows some of 
the results down to a basis that is unfair commercially. If 
time was lacking for general tests on iron preservative paint 
films no specific report should have been published, as this is 
unfair to other manufacturers who may have materials equally 
as good as those described. 

The specific resistances of cement and of cement and sand as 
given are valuable. 

One other test not commented on is the test on the crushing 
strength of blocks after being subjected to current. There may 
be such a question as recovery occur, so that blocks should 
be subjected to a coincident current and crushing test. 

A general summary of this criticism then is that according to 
the report of these investigators a great amount of needless 
duplication is being done. It is hoped that a broader view of 
the variables of the problem is being studied in the work shown 
in Fig. 1 and Fig. 4. 
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The writer feels that the subject needs all the study that men 
of an investigative turn of mind can give, but the wide range of 
variables must not be lost sight of, as otherwise the data de¬ 
veloped will be useless. 

Harry Barker and W. L. Upson: The paper, by Messrs. 
Magnusson and Smith has special interest at this time, as there 
have recently been published 1 the details of a case where, the 
heretofore vague fears of engineers have become quite definitely 
realized. 

The writers, in this discussion, first desire to call.attention 
to the conditions of the structural failures in this building and to 
point out certain ways in which prevention of trouble in similar 
cases may be secured. Secondly, there is one point in the studies 
of Messrs. Magnusson and Smith which may be critically ex¬ 
amined. Thirdly, the writers desire to place on record the re¬ 
sults of certain studies which have been made during the past 
year at the University of Vermont, which seem to throw addi- 
tional light on the mechanism and seat of the action which leads 
to the disruption of concrete surrounding iron and subject to 
electric current. 

The destruction described, in the article referred to, was in a 
reinforced-concrete packing house where there were various 
rendering processes going on which liberated great amounts of 
vapor laden with organic acids. These condensed on the con¬ 
crete walls and ceilings and on any cold metal exposed. . The 
110-volt, direct-current lighting circuits were run in ordinary 
metal ducts unconcealed and held in contact with the steel re¬ 
inforcement of the beams and girders by special sockets and bolts. 
Under the severe conditions which prevailed the concrete be¬ 
came water-soaked and the moisture even penetrated the con¬ 
duits. Evidently the insulation of a negative wire at one point 
and of the positive wire at some other point broke down so that 
current could flow to the reinforcement in one place through the 
concrete mass to the reinforcement and positive lead in another 
place, with corrosion and disintegration wherever it left the rein¬ 
forcement . Beams and girders were cracked and the grip of the re¬ 
inforcement was loosened for some 60 per cent of the total span of 
each. The original design of the structure appears not to have 
been very economical, which perhaps was the salvation from com¬ 
plete structural failure. There was a considerable length of 
beam (40 per cent) near the supports, which was apparently 
unaffected and this was where the greatest bond stress would be 
imposed by normal loading. Tests showed no abnormal deflec¬ 
tion up to 125 per cent normal load and it was decided to patch 
up the old beams for service. 

Certain preventives of such troubles suggest themselves 
to electrical engineers and among them may be noted (1) the 
use of strictly marine installations of lighting circuits where bad 

1 .Engineering News , June 8, 1911. “ Serious Injury to a Reinforced- 

Concrete Building by Electrolysis.” 
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moisture conditions prevail; (2) practical insulation of the 
conduits from the reinforcement of the building, and (3) preven¬ 
tion of water-soaked walls and ceiling by covering with a water¬ 
proof membrane like water-repellant paint, etc. 

Messrs. Magnusson and Smith seem to conclude from their 
studies that there is no diminution of the strength of concrete, 
or mortar, due to the mere passage of current as contrasted with 
some mechanical action at the oxidized electrode. 

In the experiments where the blocks were enclosed in a glass 
box and fed with brine, certain masking conditions are at once 
recognized. The strips must necessarily have been loose, so that 
there was a layer of electrolyte all over the outside of the blocks, 
forming a path for the current in parallel with that presented by 
the blocks themselves. Indeed, the authors remark that they 
hoped to secure “ a minimum by-path for the current outside 
the cubes.’ 5 It is worth while comparing this by-path with the 
resistance of the cubes themselves. 

From the uneven surface of the cubes and the easily broken 
edges which usually become slightly rounded, it is probable 
that the liquid layer between each glass plate and the cubes 
would not be any less than the equivalent of 1/64 in. thick. 
The four sides in parallel would form a path of salt solution 
1/16 in. thick, 2 in. wide and 8 in. long. The resistance of this, 
according to the figures given by Messrs. Magnusson and 
Smith, would be 1,390 ohms, using the value for fifth-normal 
sodium-chloride solution. The resistance of the concrete-block 
path works out, following the same data, to be 3,540 ohms. The 
combination of these parallel resistances should result in an 
apparent resistance between electrodes of 1,000 ohms. Com¬ 
pared with this we find that the resistance between plates was 
as low as 1,250 ohms, which in a general way confirms the 
assumption. Polarization voltages have been neglected. We 
may reasonably suspect that only about a third of the current 
went through the concrete blocks. This reduces the actual 
density in the concrete to such a low figure that, in the short 
space of time covered by the experiments, no diminution of 
strength was apparent. The iron oxide formed seems to have 
traveled with the current along the outside of the cubes and not 
to have penetrated the concrete. This is, in itself, an evidence 
of the masking phenomena. It also prevents a study of the 
mechanical effect of the molecules of iron oxide inside the con¬ 
crete. 

Those experiments by Magnusson and Smith, relating to the 
protection of iron against corrosion, are very useful though they 
show no practical remedy. It is seen that most of the protective 
paints depend for their effectiveness on their imperviousness. 
When, in the course of time, this quality disappears, the pro¬ 
tection ceases. It is surprising perhaps that the experimenters 
did not use also paraffine, which comes the nearest to being truly 
non-porous, though, of course, it is not a practical paint or 
coating for such work. 
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The necessity for the greatest possible natural bond between 
the concrete and reinforcing steed needs to be borne in mind 
in considering the practical use ot. these .insulating paints. 1 heir 
use will not be entertained for reinforced -concrete structures 
by designing engineers. The other remedies of 1,1) keeping tIn¬ 
concrete fairly dry; (2) isolating it. from ground waters, and 
(3) preventing random electric potentials upon steel or concret e, 
must be relied upon, and so tar as present rather academic 
experiments and practical experience go there is lit i 1c < >r m t danger 
to be expected if these conditions are satisfactory. 

The University of Vermont Experiments, I wo series oi ex¬ 
periments were planned by the writers a year ag<> and now have 
been carried out (under their general supervision and with the 
assistance of Professor j. W. lilliot), by Messrs. (>. J. tdgiati 
and II. Roberts, senior students in the departments ol chu t ideal 
and civil engineering, as their bachelor thesis, The series were 
outlined in the manner hereinafter shown, alter having .followed 
the progress of such experiments for several years and with the 
belief that added light could be thrown on certain obscure points. 

For instance, Mr. U. J. Nicholas, in describing; experiments 
carried on at the Massachusetts Institute of Technology, found 
that specimen blocks could be cracked irrespective of the dim* 
t’on of current- whether the central imbedded electrode was 
anode or cathode. These tests added a little to our knowledge 
in that they indicated that the cracking of the concrete was due 
perhaps more to the indirect localized heating or to the me 
chanical action of disseminated rust. This left us to guess 
whether the softening and very general disintegration was due to 
the electric current or to some secondary chemical reactions 
of the iron, or to mere mechanical stress. 

Professor A. vS. Langsdorf, in 1909, added 1 to the eorroliora1 ive 
evidence then accumulated. Progressive corrosion of imbedded 
steel was shown; all specimens developed crack:, and s« tine showed 
soft disintegration; a coating of rust developed on the walls 
of cracks. 

Eltingc and Beers have described 4 certain experiments carried 
on at the Rensselaer Polytechnic Institute in which they dupli 
cated the cracking and soft disintegration of electrolysis by 
externally heating the projecting end of the imbedded bar. 

The first series of tests planned by flu* writers war; intended 
to be wholly qualitative and using the studies already men¬ 
tioned as points of departure. Several points should be. specifi¬ 
cally noted. 

1. Collapsible iron electrodes, shown in Fig. 2, were used in 
the hope of showing whether or not, local thermal expansion, or 
the demand of the oxidized iron for more room at the electrode 

2. Engineering News, December 24, PJOK. 

3. Journal of the Association of Engineering Satieties , February, 1909; 
Abstracted in Engineering News , April 29, 1999. 

4. Engineering News , March 31, 1910. 
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surface would crush the electrode instead of cracking and soften¬ 
ing the concrete. 

2. The use of imbedded carbon electrodes, in one set of speci¬ 
mens, was tried to study the effect of eliminating iron and iron 
oxide. 

3.. By using loose carbon electrodes the effect on cracking, of 
eliminating the mechanical forces at the electrode surface and 
the iron oxides in the concrete, was studied. 

4. Duplicate specimens with these several types of electrodes 
were to be subjected to alternating current, keeping all con¬ 
ditions, except the kind of current, the same as in the direct- 
current tests. 

5. Special specimens were subjected to thermal stresses ac¬ 
cording to the temperatures actually noted in the other trials. 

All of the specimens, except two, were of the same general 
shape and make-up except as noted. Fig. 1 shows the arrange¬ 
ment with iron pipe, and Fig. 2 shows the collapsible electrode 
used in its place. 
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“ Ironclad ” brand Portland cement was used and the quality- 
test results compared well with the specifications of the American 
Society for Testing Materials, as shown in Table I. 

TABLE I.—QUALITY TESTS OP “ IRONCLAD ” CEMENT USED IN 
UNIVERSITY OF VERMONT ELECTROLYSIS EXPERIMENTS 


Fineness: 

Left on 200 sieve 23.80 per cent 
Left on 100 sieve 5.85 per cent 
Specific Gravity : 

Weight cement in grams _ 65 _ 
Displaced volume in cu. cm. 20.6 
Breaking Strengths, 

Neat cement briquettes: 


Days age 

No. 1 

No. 2 

No. 3 

Average 

7 

480 

550 

588 

539 

28 

625 

645 

667 

646 

\ sand-cement 
7 

mortar:* 

90 

95 

107 

97 

28 

185 

190 

103 

159 


♦The low breaking strength of the mortar was probably due to the excessive dryness of 
the sand. 
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The sand used in all tests and experiments was of uniform size, 
passing through a 10-mesh and remaining on a 30-mesh screen, 
and was thoroughly dry. The aggregate was J-in. broken gray 
sandstone, very dry. The specimens subjected to current 
were of a 1:2:4 mixture of cement, sand and stone. In all, 
28 specimens were made for these qualitative studies, six with 
each of the four types of electrodes and two of each special 
type shown in Figs. 3 and 4. 

The specimens were connected in series-parallel circuits, as 
shown in Figs. 5 and 6, to facilitate regulation of the current. 
Each group contained one block with each type of electrode. 
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Mercury Cups 
i . for Ammeters 



fm. 


Pipe 

Plugged 

Fig. 4 




Copper Band 



Fig. 7 


Two duplicate tests were run simultaneously, one with alter¬ 
nating and one with direct current. Current was regulated 
several times a day to the value of 0.1 ampere. A small gen¬ 
erator set was used, for the direct current and the city supply 
system for the alternating current. 

To determine temperature effects, the special specimens, 
shown in Fig. 4, were tested with the others. They were 
placed in w r ater as in the electrolysis experiments, but the cur¬ 
rent was confined to the metallic circuit and regulated to secure 
the same temperature of a thermometer in oil in the pipe as in 
the electrolytic runs. The temperatures found in the latter 
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runs were so low that a current of 0.1 ampere through the pipe 
of the temperature specimen was enough. 

For simplicity, the results will be presented separately for 
each type of electrode. 

Solid Pipe. The behavior on direct current was in accordance 

with results of other experi¬ 
menters. When current was 
first turned on, there was an 
evident washing out of cement 
or apparently similar mater¬ 
ials, with the evolution of 
much gas at the imbedded 
electrodes. At the end of 24 
hours a notable amount of 
iron oxide had been forced out 
around these electrodes. After 
a few days the entire top of 
the specimens, which were 
out of water as shown in 
Fig. 6, was covered with oxide. 
During the experiments gases 
were given off more or less from all parts of the concrete. • The 
average centigrade temperatures were as shown below: 



Thermal test Direct-current Alternating-current 

Room specimen set set 

22 deg. 22.1 deg. 22 deg. 22.15 deg. 

The “ apparent ” resistances of all blocks were measured by 
the voltmeter-ammeter method. Table II shows typical results 
on one set and the data are plotted in Fig. 8. 
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The gradual increase in resistance may perhaps be due to the 
accumulation of iron oxide, decreasing porosity, accumu¬ 
lated gas, or to some chemical change in the cement. It seems 
probable that the iron goes into solution as a hydrate and is later 
converted to oxide by evolved oxygen and perhaps by the 
cement compounds. If the last action was general throughout 
the mass of concrete, it might be expected to diminish the 
strength. If, however, the action was confined to the neighbor¬ 
hood of the electrode there might be no appreciable change in 
the general strength of the concrete mass. The sharp peak of 
the direct-current resistance curve, Fig. 8, suggests the beginning 
of mechanical failure. 

A specimen on direct current showed distress at the end of 
20 days and ruptured, on the following day, so that it could be 
pried apart with a screw driver. The first indication of failure 
was the appearance of small drops of colored water on the upper 
surface of the concrete. These places developed into the cracks 



Fig. 9 Fig. 10 

along which the blocks broke. As expected, the iron was 
considerably corroded and the rust disseminated throughout, 
though more marked along the line of failure. The concrete 
itself could easily be broken with the fingers. 

The specimens subjected to alternating current did not break 
at low current density, nor was there any corrosion of the elec¬ 
trode. The appearance of the concrete and general strength 
were not changed. No gas was liberated by the current, and 
it was not manifest by other signs. At the completion of the 
tests alternating current of up to 3 amperes was sent through the 
blocks. At 2 amperes the internal temperature increased to 
4o deg. cent, and the blocks split after being in circuit 8 to 10 
hotus. They w-ere broken apart with a hammer and, as seen 
m rig. 9, the iron w r as not corroded. The disruption seems 
to have been the result of temperature stresses. The specimens 
with various solid imbedded electrodes behaved similarly all 
splitting apparently from the same cause. 

Collapsible Electrodes . The specimens with collapsible elec- 
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trodes, on direct current, were the second in order of breaking. 
This tardiness might have been due in a small measure to slightly 
larger electrode diameter and probably, to a greater degree, to 
the yielding of the collapsible electrode to the demand of the 
oxide for more room. The disruption then might have come 
finally from the stresses set up by the formation of iron oxide 
m the pores of the concrete a little distance in from the electrode. 
On alternating current the collapsible-electrode specimens 
showed no signs of distress. The concrete was not softened 
and the blocks did not split on increasing the current to 3 am¬ 
peres. 

Imbedded Carbon Electrodes. It was surprising to find that 
the behavior of these specimens under direct current was similar 
to that of those with iron electrodes. In place of iron oxide, a 
thick black material, apparently a combination of carbon and some 
ingredient of the cement, was forced up and out around the 
electrode. The composition of this material was not studied. 



Fig. 11 



Fig. 12 


The carbon electrode was eaten away and considerable dis¬ 
semination of the corrosion product was found on prying the 
specimens apart, as seen in Fig. 12. The increase in resistance 
of these specimens was not so decided as in the case of iron elec¬ 
trodes. Cracks developed in 25 days. The softening of the 
concrete was noticeable, but not as marked as with iron elec¬ 
trodes. On alternating current no signs of damage were found. 
The electrode was not corroded and the concrete was not softened. 

Loose Carbon Electrodes. With direct current, gas was freely 
evolved at the carbon electrode and a decided smell of chlorine 
noted, though no chlorine salts or other chemicals were added 
t;o the water. A black compound was formed, apparently 
identical with that found with the imbedded carbon electrodes 
and the electrode was deeply pitted. After being in circuit 
for some four weeks, no disintegration of the concrete was 
found. A current of one ampere was then forced through for 
12 hr., but without apparent effect. The specimens were broken 
open with a hammer, and appeared as shown in Fig. 14. 
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On alternating current no ill effects were noted, as may be 
inferred from Fig. 15. 

Completely Imbedded Iron. These specimens were made up 
to approximate actual construction conditions, where the random 
potentials might not be actually applied to the reinforcement. 
The current was led into the concrete as shown in Fig. 7. After 
18 days, with 0.1 ampere, direct current, the block split, showing 
typical corrosion of the iron and dissemination of oxide. The 
specimen on alternating current was not affected, and is shown, 
at the left in Fig. 16, after being broken open with a hammer. 

Thermal-test Specimen. The steel in this was kept at the ob¬ 
served temperature of the iron-pipe specimen- on direct current 
during the entire run. The temperatures varied but slightly 
from those of the room and the specimen remained sound. The 
pipe was not found rusted, on breaking open at the end of the 
tests. 

Quantitative Studies. It was hoped by subjecting a large 
number of specimens, with the various types of electrodes 



Fig. 13 Fig. 14 


previously mentioned, to similar treatment, and by breaking 
samples at regular intervals, to determine whether the de¬ 
structive actions were gradually developed or suddenly. The 
specimens were made in standard 4-in. molds a'nd were set under 
water for three weeks before use. A 1:2 cement-sand mortar 
was used, the cement and sand being the same as already noted. 
The current was limited to 0.03 ampere, to eliminate chance of 
temperature stresses. Fig. 17 shows the general make-up of the 
blocks, the only difference in the several specimens being in the 
use of iron-pipe, collapsible iron, imbedded and loose carbon 
electrodes. 

In all, 22 blocks with each of the four types of electrode were 
made; 20 blocks of each type were placed under current. In 
addition, 20 dummy cubes, without electrodes, were made and 
used under same conditions, except as to current. At the start, 
two blocks of each type were crushed and at regular intervals 
two more of each type were crushed. The iron-pipe electrodes 
were weighed before being placed in the blocks and as broken 
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to determine the loss of iron during the test. Even loading in 
the testing machine was secured by using blotting paper between 
the block and the crushing heads of the machine. The load 
was applied at right angles to the direction of electrode axis. 
The results of the tests are shown in Table III. The electrical 
circuits were the same as for the qualitative series, in general. 



Fig. 15 


Conclusions. All these experiments, studied in connection 
with previous ones, variously noted, allow several tentative 
conclusions, concerning the seat and mechanism of electrolytic 
disruption of reinforced concrete. It is to be emphasized that 
these are only tentative and do not affect any recognized practical 



Fig. 16 

measures which may be taken to prevent conditions leading to 
structural failure in the reinforced concrete, as already noted. 

1. The disruption of reinforced concrete may result from 
stresses produced by local thermal expansion where the current 
density is high, with either alternating or direct current and 
irrespective of the direction of current in the latter case. 
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2. With small current densities and without temperature 
stresses being developed, disruption finally results from the 
accumulation of iron oxide at and near the imbedded iron where 
direct current leaves the iron to enter the concrete. 

3. The bursting stresses developed with low current densities 

are largely caused by the formation of iron oxide, immediately 
at the anodic surfaces to a slight extent, but largely in the 
concrete near the anodes, the depth of penetration depending 
on the porosity of the concrete, the gas pressure, current strength 
etc., among other things. . 1 

4. No gradual reduction of the strength of the concrete has 
been shown to accompany progressive corrosion of the iron. 
Ihe oxygen for the formation of oxide probably is furnished 
mostly by the electrolysis of water and only to a slight degree is 
taken from the cement compounds. 

5. Disruption may result with low current densities, where 
iron is not the anode material, if other compounds are formed 
from the anode or from the concrete and expand during the 
secondary reactions. In all cases, pressure of gases developed 

may slightly assist or hasten disruption. 

6. The general softening of the concrete 
~r~i after rupture is similar to that in speci- 
H [ipe mens crushed mechanically and may be 

here regarded as largely the result of the 
bursting stresses. 

7. A single current of small density may 
cause corrosion and disruption at several 

points by passing to and leaving a number of pieces of reinforcing 
steel, each completely imbedded. 

8. With large leakages of either direct or alternating current 
to reinforced concrete, structural failures may be expected 
within a few hours of the start of current, and as the result of 
thermal effects. 

9. With small leakages of direct-current an insidious under¬ 
mining of structural strength must be expected. 

10. With alternating currents, when the current density is 
low enough to eliminate local temperature stresses, repeated 
tests have shown no danger of structural troubles. This is in 
accord with the findings reported by Mr. J. L. R. Hayden, 
before the A. I. E. E., March, 1907, but does not mean that 
there is absolutely no effect from alternating currents. It 
would indicate rather that the secondary reactions were so slow 
that the primary reactions were practically reversed each cycle. 

11. Structural trouble is not to be expected with dry concrete 
unless random high direct-current voltages are noted on the 
structural members. 

12. Present methods of electrical survey seem sufficient to 
detect dangerous (to the structure) voltages about reinforced 
concrete structures and remedies are available for application 
as each individual case seems to demand. 
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WAVE SHAPE OF CURRENTS IN AN INDIVIDUAL 
ROTOR CONDUCTOR OF A SINGLE-PHASE 
INDUCTION MOTOR 


BY H. WEICHSEL 


The phenomena which take place in the rotor of a single-phase 
motor, can be explained in two different ways. ' The first is that 
proposed by Galileo Ferraris, and consists in the resolution of a 
single-phase field into two fields rotating in opposite directions. 
The second method, which we might call the “ cross field 
method, ” has been proposed by several authors.* Mr. V. Fynn 
lately developed this method to a very large extent, treating 
alternating-current motor problems on a basis similar to that 
of the direct-current motor. The cross field method has 
given a big impetus to the general understanding of the 
working conditions of the single-phase motor. Both methods 
lead naturally to the same result. Frequently it is of interest 
and very instructive to solve certain problems by the use of both 
methods, since a comparison between the two frequently throws 
more light on the subject. In this paper the wave shape of the 
currents in an individual conductor of a single-phase motor will 
be determined, first by the rotating field method; and secondly 
by the cross field method. 

Ferraris has shown that a single-phase field can be resolved into 
two fields of equal magnitude rotating in opposite directions 

*A. Poitier, Bulletin de la Societe Internationale des Electriciens , May 
27, 1894; H. Goerges, Elektrotechnische Zeilschrift , Jan. 17 and Nov. 28, 
1895; Atkinson, Feb. 22, 1898; McAllister, American Electrician , June, 
1902; Franklin, Transactions A. I. E. E., 1904, XXIII, p. 429; V. Fynn, 
British Institution of Electrical Engineers, Feb., 1906; McAllister, Elec¬ 
trical World, Aug. 1906; V. Fynn, British Institution of Electrical En¬ 
gineers, Dec., 1907. 
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with equal angular velocity. Let the amplitinlo of Uh- inelr 
phase field be N and it follows that the? amplitude of t*aeli of 

the rotating fields must be ^ . One of these fields no ales 

clockwise and the other rotates eounte r-cloek wise. I, cl us 
assume that the armature runs clockwise also, anti with syn¬ 
chronous speed with respect to the line I'miueney, or what, 
means the same thing, with the speed of the lick! which rotates 
clockwise. The rotor bars, therefore, do not cut this held; 
no e.rn.f. can be induced in the bars due to this field, Hut the 
rotor bars rotate against the second component, or the counter* 
clockwise rotating field, N«, with a speed equal to double the 
synchronous speed. The e.m.fs. set up in the bars must there 
fore be of double frequency, and have a time phase displacement 
with respect to each other equal to their space displacement ex¬ 
pressed in electrical degrees. If the rotor bars arc all short- 
circuited, as is the case in the squirrel cage construction, it is 
evident that currents of double frequency will be set up in 
these bars having the same time phase displacement against 
each other as the e.m.fs. producing them. That, is, the tinn- 
phase displacement of the rotor currents with respect, to each 
otfier is equal to the space displacement of their conductors, 
brom this it is evident that these arc polyphase currents, and the 
field produced by them is rotating against, 
the individual conductors with a speed equal 
to twice the synchronous speed of tin; line, 
this field rotating with'double frequency in 
a direction opposite to that of the rotor bars, 
has a speed with respect to a fixed point, in 
space equal to synchronous speed, referred to 
line frequency, and in a direction opposite to 
that of the rotor rotation. 

I he xotor in a single-phase motor is com¬ 
pletely surrounded by iron. Therefore if we neglect, the r ffert, of 
ohmic resistance the currents produced by the e.m.fs, in the rotor 
bars will have a time displacement of «)() deg. behind their e m fs 
The field set up by these currents, as previously explained is'a 
rotating field with direction of rotation opposite’to that of arma¬ 
ture. We can gam a better insight into the phenomena occurring 
m the rotor if we resolve this field, due to the polyphase rotor cur ¬ 
rents into two fields at right angles. One of these 
must be in line with, but directly opposite the main stator field 
Referring to Fig. 1, the line O F u represents the component of t he 
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field set up by the rotor currents which is in line with the main 
stator field 0 F S1 . These two fields 0 F n and 0 F SI annul each 
o her, but since the main stator field cannot be elimina ted, the 
m.m.f. of the stator must be increased until the original number of 
lines are set up. The additional field of the stator is repre- 
sented in Fig. 1 by 0 F s , and this is the final remaining field 
m that axis counterbalancing the line voltage. The other com¬ 
ponent of the rotating field produced by the rotor currents is 
shown by the .vector 0 F r ,. The resultant of these two fields 
which are at right angles produces the true rotating field of the 
induction motor. This resultant field rotates in the same direc¬ 
tion as the rotor and with line frequency. This will be seen if 
we remember that the resultant of the fields 0 F n and 0 Fro is 
the field produced by the rotor currents and rotating in direction 
opposite to that of the rotor bars. But one of these components 
has been annulled by the stator field O F n and the main field 
U F is the only one remaining in this axis. This, however, is 
isplaced 180 deg. from 0 F u and therefore the resultant of 
u p s and O F r , must produce a rotating field which is rotating 
m ^^" ectlon opposite to that of the field produced by 0 F r 
and 0 Fr,. It is clear also from the above discussion that the 
m.m.f. of the stator is just twice what it would be if the rotor 
nad no conductors. 

The results we have obtained so far may be seen more clearly, 
and their importance more fully realized, if we solve the same 
problem on a mathematical basis. Assume that the voltage 
impressed across the stator winding follows the sine law. For 
convenience we will express this as the cosine function 

E t =E cos (m t) where to=2 x v 
The induced voltage that counterbalances this is 


E/ = E cos (to 1+180) = - 


dm 

d t 


Ni = - f. 


E cos (to 1+180) d 1 
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This is the main transformer flux. Since the flux is propor¬ 
tional to the impressed e.m.f. we may write 

N t ~ N sin (m t) 

where N t is the value of the flux at any time t and N is the maxi¬ 
mum value of the flux. 

Now let us assume that the field induction under the pole also 
follows the cosine law. The induction at any point can therefore 
be expressed as 

B a = +B C cos a 


where B, represents the instantaneous value of the field induc- 



Fig. 2 Fig. 3 


tion in the center of the pole (see Fig. 2). The induction may be 
expressed in terms of the total number of lines as follows .* 
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Any armature loop which spans a complete pole pitch and 
whose position is such that one side of the loop is the angle a 
from the center line of pole, as shown in Fig. 3, includes N a 
lines, where N a is given by the expression 


N a = I B at d a = 


■ sin (m t) cos a 


N r ~|«+* _ 

= — 2~ sin (m t) I sin <aj = ~N sin (m t) sin a 

If the armature rotates with synchronous speed the angle a 
is equal to ( m£-\-<p ) where <p is the angle which the armature 
loop forms with the center line of the stator pole at the time 
/ = 0. Substituting this value for a we get 

N a — —N sin ( m t) sin (m t-\~<p) 

The* voltage induced in this armature loop by the N a lines 
interlinked with it is given by the equation 


d N a s 


xio - 8 


where .s is number of turns in the loop; 

t? — d N s sin (m t) sin (m t+cp) 


In order to solve this equation for the induced voltage we will 
simplify the second member. 

sin (m =sin ( m t) cos cos (m t) sin cp 
Substituting this we get 

P // d Ns {sin 2 ( m t) cos <p+cos ( 'm t) sin ( m t) sin <p} 

* dt 

We may also write 

cos 0 m t) sin ( m t) sin cp = | Xsin (2 m t) sin <p 
Ei r = N s | sin 2 (m t) cos <p+§ sin (2 m t) sin <p | 

= N sXm{ sin (2 m t) cos ^?+cos (2 m t) sin cp] 

= N sXm sin (2 m t+<p) = +E" sin (2 m t+<p) 
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This is the e.m.f. produced in the rotor loop of s turns by 
rotating the armature conductors in the alternating stator field. 
This voltage sets up currents in the rotor conductors which in 
turn produce magnetic lines. These lines set up a counter¬ 
balancing e.m.f., so that E t " f is displaced 180 deg. from E”. 

Et —ir 

where N« is the number of lines produced by the rotor currents. 



E" sin (2 m /+<^>+180) = 


d m 


dt 

sin (2 m t+ip) dt 


iV 2 =J > £" sir 
sin (2 m t) cos <p dt+ 5 s " cos (2 m f) sin <p d t 




2^ { cos m t+( A 


This is the equation for the lines produced by the secondary 
current. Since the lines are directly proportional to the second¬ 
ary current we may write 

2 * 2 = -k cos ( 2 m t+<p ) 

The negative sign refers to its direction compared with the 
primary; k is a constant. The equation gives the current set up 
at any time t in an armature loop which formed the angle <p 
with the center of the pole when t was equal to zero. For the 
conductor that lies directly under the pole center at this instant 
*P ~~ 0 and the equation for the current is 


— K COS ^ m t) • 

From this it will be seen that the currents in two successive 
armature loops have a time phase displacement equal to the 
space displacement of their conductors, and a frequency just 
twice that of the impressed e.m.f. 

In the above discussion we have neglected the effects of rotor 
resistance as compared with rotor inductance; therefore the 
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currents produced in the secondary conductors will be displaced 
90 deg. from the e.m.fs. producing them, as shown in the equa¬ 
tions just derived. In order to- see the effects of these rotor cur¬ 
rents, we must consider the limiting cases of the equation for i t . 
In the conductor under the center of the pole at the time 7 = 0, 
the current is a maximum, in direction opposite to that of the 
impressed voltage. In the conductor 90 deg. from the center of 
the pole at this same instant the current is zero. This means 
that no field is set up in the direction of axis a—a, Pig. 1, but there 
is a field set up in the direction of axis b — b having its maximum at 


this instant. In the same way we will find that at a time t, =^- 
the field in direction of b — b is zero, and the field in direction 


a-a has its maximum. We assumed at the outset an alter¬ 
nating field N in axis a —a of constant magnitude due to the 
impressed voltage. We now see that the rotor currents produce 
a field in this same axis. In order, then, for the 


E t main field N to remain, an additional field (or 

t 3 currents) must be set up in the stator to ann ul 
the effects of rotor currents. This explains the 
fact that a single-phase motor running at 
synchronism and no load draws more current 

o'-with the rotor short-circuited, than when the 

F rotor is open-circuited. 

The currents that we have been discussing up 
to this point are those which flow in the rotor bars at synchronous 
speed; that is, at no load. We might therefore call these currents 
the rotor magnetizing currents because it is due to them that the 
field in the direction of axis b — b exists. As soon as a load is ap¬ 
plied to the motor additional currents will be set up in the rotor 
bars to produce the necessary torque. If we neglect at present 
the effects of ohmic resistance and leakage it will be evident that 
the vector diagram for the stator conditions can be represented by 
Fig. 4. There are flowing in the stator three different current 


components. The vector 0-1 represents the magnetizing current 
of the stator when the rotor is open-circuited. The vector 1-2 


represents the additional magnetizing current drawn from the 
line when the rotor bars become short-circuited. This compo¬ 
nent counterbalances the effect in axis a-a produced by the no- 
load currents in the rotor. In the case of the ideal motor 
without leakage or resistance in the rotor, the component 
0-1 equals the component 1-2. The third current com- 
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ponent 2-3 is at 90 deg. phase displacement from these 
first two components, or what means the same thing, it is in 
phase with the impressed voltage. It is therefore the watt 
component of the total current. Since only the magnetic field 
produced by the wattless component 0-1 can exist in the axis 
a-a, as otherwise the voltage O—E could not be counter¬ 
balanced, it follows that the magnetic action of the current 
component 2-3 must be equalized by currents flowing in the 
rotor. For the time being let us assume that the rotor runs at 
synchronous speed even if loaded. The currents flowing in the 
individual rotor bars must be of such a nature as to produce a 
field stationary in space in direction of the axis a-a but alter¬ 
nating in time with the frequency of the line cur¬ 


rent 2-3. Such a field will be produced by a 
double-frequency current superposed upon a direct 
current, as will be seen from the following: 

Double-frequency currents must flow so as to 
produce a field rotating in space opposite to the 
direction of the armature rotation, and at double 
synchronous speed with respect to the individual 
rotor bars. This field therefore is rotating against 
a fixed point in space at synchronous speed with 
respect to line frequency. If at the same time a 



direct current flows in the rotor bars, it is evident \ 0 -y 1 

that the field set up by the direct current will be ° 

constant and stationary with respect to the rotor 

bar&. But the rotor bars rotate with synchronous \ /' 

speed, so this constant field must rotate against 

a fixed point in space wdth the same speed and Fig. 5 

in the same direction as the armature. The two 

fields we have just considered are equal in magnitude, and 

rotate with respect to a fixed point in space with equal speeds 

but m opposite directions. The resultant field produced is 

alternating with line frequency, but is stationary in space as 

d This re P r esents four different instants 

in the period of the fields. When the components are in phase 
the resultant is the sum of the two. At a later instant 0-3 is 
e resultant as shown by the vector addition. Still later the 
components are opposite in phase, so the resultant is zero. The 

wo ^ThesT the r6£ T ant °PP° site in direction to the first 

fields JrnH Sh ° W Cl6arly that the resultant of the 

fields produced by the components of the armature working 
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current is an alternating field stationary in space. The strength 
of this resultant alternating field must be such as to counter¬ 
balance the magnetic effect of the stator current component 
2-3 as shown in Fig. 4. But as the true maximum of the re¬ 
sultant field equals twice the field strength of one of the ro¬ 
tating field components, it follows that the strength of each ro¬ 
tating field component must be one-half of the true maximum 

_ f value of the stator field which cor- 

responds to the stator current 2—3. 

6a. c/i/° | % t =-0 represent one rotating field 

—e-13-■!—^—■5-©— component due to the working com- 

| ^ 6 ® ponent of the armature current, and 

Vj° j N s be the field due to the stator 




JA 13 12 


current vector 2-3. Then N a = — s . 

2 

From a consideration of the above we 
may determine the value of the direct- 
current component of the rotor. It 
must be of such magnitude as to pro¬ 
duce a field equal to that produced 
j=I k;y the double-frequency current. 

It was assumed at the outset that 
all fields should have sine-shaped dis¬ 
tribution. The field produced by the 
direct current must therefore be sine- 
3T shaped, and the only way this is 
possible is for the currents in each 
bar to be different at any one given 
instant, and for this variation to fol¬ 
low the sine law. 

A graphical representation of the 


p IG . e different currents flowing in one con¬ 

ductor of a single-phase rotor at no 
load, will show more clearly the physical meaning of the phe¬ 
nomena discussed above. Let us consider that the rotor bars 
1, 2, 3, etc., Fig. 6< 2 , have, at the time / = 0, the position indicated. 
Assume further that the line voltage has its maximum value at the 
time t= 0. The line voltage may therefore be graphically repre¬ 
sented by curve A) in Fig. 7. In order to counterbalance this 
voltage, a current, represented in the figure by the curve i 0 , must 
flow through the primary winding, and this lags 90 deg. behind 
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the impressed e.m.f. The lines produced by this current are in 
phase with it. At the time 1 = 0, therefore, the stator current has 
its zero value. The rotating field produced by the rotor currents 
has its maximum in the axis b — b and no component in the axis 
a—a. The maximum rotor current flows therefore at this in¬ 
stant (/ = 0) in conductors No. 1 and No. 9. Conductors 
No. 2, 3, 4 and 5 carry less current than conductors No. 1 and 9, 
and the magnitude of the current in each is proportional to the 



cosine of the angle the rotor bar makes with the center of the 
stator pole. Fig. lb shows graphically the magnetizing current 
flowing in rotor bar No. 1. The currents in rotor bars No. 3, 5, 
7 and 9 are shown in Figs. 7c to 7/, each having a phase dis¬ 
placement corresponding to the angular position of the rotor 
bar. Figs. 6 b to 6 d represent the positions of the rotor bars and 


the directions of currents at the instants /=— and t=- 

4 2 


4 



U ’ " wave shape of currents *jh: 

when. V equals the linn* of one period. In these diagrammatic 
view s Un> sl.al.or has been indicated by a single loop, and the 
< ne< ion o currents by crosses and points. These latter arc 

nnuni. 'l l 1 ' 77 * aVy imii< " lU ‘ ;,s far as possible the relative 

*“ l ' s M ‘ ( ' urn ' nts - 1s plainly evident, that, the stator 
windup; carries its maximum current at the instant, that the 

n,,alm! ’ 111,1,1 }) .v the rotor currents lies in the direction 


JMPHt'NSnJ MTAtOtl f.M.r 



WftHMtin fimth HU. \ 









I‘io. s. Kotor ttoil,in»j eiin.-iti , f..i iu..i,„ 

of the center line of stator pole, at, the same time the field due to 
stator currents tends to annul tin* other field. 

It, must be remembered that the diagrams above referred to 
show the no-load condition of the ideal motor without ohmic 
resistance, fu a similar manner we may show the currents that 
(low when Hie motor is loaded. We will still hold to the as¬ 
sumption that the motor has no olunie resisiaiiee. To simplify 
the diagrams we will omit the ma K »etmnK currents which have 
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been represented in Figs. 6 and 7. Fig. 8a again represents the 
impressed line voltage. The working current drawn from the 
line will be in phase with the impressed voltage and can therefore 
be represented by the same curve as the impressed e.m.f. This 
curve has a maximum at the time t — 0, and its magnetic effect 
must be cancelled by the rotor currents. From a consideration 
of Fig. 9 a, it will be seen that the rotor currents must be a maxi¬ 
mum in conductors No. 5 and 13 and 
zero in No. 1 and 9 in order that the 
resulting field may be in such a di¬ 
rection as to oppose the field due to 
the stator working currents. This is 
true for both components of the work- 

T 


ing currents. After the time t = 


4 J 


or what means the same thing, after 
the time taken by the armature to 
rotate 90 deg. in a clockwise direc¬ 
tion, the currents in the rotor con¬ 
ductors must be such as to produce 
no field at all. This condition will 
be fulfilled if that component of the 
working current which has double fre¬ 
quency is counterbalanced by the 
other component of the working cur¬ 
rent which is constant . As represented 
in Fig. 96, conductor No. 1 has moved 
90 deg. in space. In order to show 
the distinction between the alternating 
current and direct current the rotor 
has been represented as consisting of 
uvo squirrel cage windings, one carry¬ 
ing the constant working current, and 
the other the double-frequency work- 

in & current. In a practical motor these two windings are 
on e and ihe double-frequency current is superposed upon 

hA 1 r, eCt current ‘ explained above, the currents must 
be such as to produce no resultant field at all. Hence the 
u o e s ue to the windings are directly opposing. The 
currents m each separate rotor conductor have been shown in 

Figs. Sb to 8/. The conditions at the time * = ~ are shown in 
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Fig. 9 c. The fields due to the two rotor currents are again 
assisting, but now in opposite direction to that shown in Fig. 9a. 
Ninety degrees later the currents are opposing each other with a 
resultant of zero, as shown in Fig. 9 d. These four views indicate 
a complete cycle in the stator current and the resultant of the 
two rotor currents. 

All of the derivations and graphical representations dealt with 
in the previous pages have been based on the assumption that 
the rotor had no ohmic resistance, and was running at syn¬ 
chronous speed even though the motor carried load. In order 
to make the problem more general, we must consider the con¬ 
ditions that exist when the ohmic resistance of the rotor is taken 
into account. This means that the speed of the rotor will be 
no longer equal to the synchronous speed of the line. In other 
words, the rotor has a certain slip. Let us consider first what 
is taking place in the rotor so far as the rotor magnetizing cur¬ 
rents are concerned. We know that these currents must pro¬ 
duce a field in the axis a—a and another field in axis b — b which 
is displaced 90 deg. both in time and space. This means that the 
rotor currents produce a rotating field which rotates against 
the rotation of the armature and which has a synchronous speed 
5 in relation to a fixed point in space. The rotor has a speed <r 2 
in relation to a fixed point in space. The speed of the rotor field 
in regard to any rotor conductor therefore must be (siH-s 2 ). 
This, however, necessitates currents with a frequency (vi+v 2 ) 
where Vi equals line frequency and v 2 equals speed frequency. 
That is, v 2 is the frequency of the currents which would be set up 
in the rotor conductors at the speed s 2 , if the stator were excited 
with direct current. A graphical representation of this condition 
has been given in Fig. 10. The impressed voltage and the stator 
magnetizing current are again shown in the first figure and here 
it is also assumed that the voltage is a maximum at the time 
zero. The rotor magnetizing current in conductor No. 1 must 
be a negative maximum at this instant, (if we neglect the ohmic 
resistance as compared with the inductance), but the remainder 
of the current curve is a junction of ( v 1 J rv 2 ). In order to 
show the current graphically we must assume a certain 
speed, and for convenience in drawing the curves we will 
say that s 2 — § s\. The frequency of the currents in the 
bars, therefore, must be If times the line frequency. The 
time phase displacement of the currents in adjacent rotor 
bars equals the space displacement of the bars themselves. 
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This has beer* shown in Fig. 10 in representing the currents 
in conductors No. 1, 3, 5, 7 and 9. In Fig. 11 are shown dia^ 

gramma tic views of the rotor at the times t = 0, —, — and. —— 

A 2 A 


It will be noted that at the time / = conductor No. 1 has 
moved only 60 deg. from the center line of stator pole, neverthe- 



MG. 10.- 


-R°t°r magnetizing current for two-thirds synchronous speed 


•hat the field is'L The 'T ?“ tT* “ SUCh 3 ™>' 

•Wbemade n,ot dj™ S 

that the current in conductor No . 2 wouI / be ab " “ 

live maximum at this instant L . Atter the w T ^ n) 
the conductor No. ! is 120 deg. from the center Hne of stator pole 




WHICH SUL: if.I StUI’H f < l- iTRRhS IS 


hut now tliu currents have :,u«*!i a di dribution jl, a t Mu* licit] i , ii 
Hie direction nt tlie a\i; h b. 'Flic rotor currents, instead 11 

heini; exactly ill) dey, behind the c.in.t. that product*'; them, an 

rliyhlly less than !K) dey. behind, on account of 1 he effect u|' rot*, 
resistance which we have here considered. 

In a, similar manner we may derive the working torn 
ponent of the currents in the rotor when the motor i 
curry in ft loath These currents must, produce an alternatin'. 

licit! which is slulionarv in space 
‘f • ;tI "l "'hose axis coincides with tin 

Hi, . *•* *“ ■ , / ,, axi ■ of the stator pole .. As. we 

, ^ liavc laa-n hetore, such a Field may 

s.f s, *«' considered as the re aillant of 

**" o ,, - '* ,H " Helds i*( equal magnitude 

♦ * rttiatiuy in opposite directions 

• ii F, . ' _ ayam t a fixed point in .pace wiMta 

I ■!" M ‘d equal to the synchronous 

" 11 i — -peed of the line. Tin- component 

y* I»* , . 

hi tin* -unit' tiirrefi*m 

// ; », * ;is *' M **^» ' it til r*:'S,$ 

lurn !m lilt: « * »IM lltrf t »r njua! I * * 

» mi** , t 'S ;ni*l f.litf m? Ih.t nuitt'iMitrit! 

1J r !W * " f , . , 1 

’A* it ' ft* s li?Vr! #*l" 

it< imImt, }i;t• • it *jtit*! njuitl )m f * 3 

‘V h ' i, tit relation to the conductor, Kurd, 

’ i s . iiiflividn.il conductor, therefore, 

t . * .tine . two *htii t< ut working t in 

ii a :* *> 1 i" ■ f <i lent., one with slip frequence and 

**. * till* Olllel SVlth Spec*! pin . hue lie 

4 ’ : ‘ I 11 ■*< qifciiry, I'luler the assumption 

lhat the rotor run* at two thud 
i ' "t \iu hroimuH speed, ihese two 

• tntents must have the frequent 
I'm. It I f anti J f | times line frequency. 

These currents tn the different 
rotor conductor., tor the, value of slip, nr, -.how,, m the , utv, 
of Fin, 12 . These .Hives wen* drawn up in ex,n th the same 
maimer a*, the curves in 1 % N, except Miat instead of double- 
frequency’ current, we now have a current with a frequeuev 1 | 
times the line frequency; and in place..! the direr! current we 
have a current with a frequency | that of the hue, 

It is now not a very difficult mailer to express m matin 
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matical formulas, the facts we have just stated. The currents 
producing the rotor magnetization have a frequency equal to 
the line plus the speed frequency, and therefore may be ex¬ 
pressed as follows for conductor No. 1: 

2 * 2 = —K cos (mi t+mz t) 



Fig. 12,-Rotor working current for two-thirds synchronous speed 


For any other conductor forming the angle 
one of the pole the equation would become 


<p with the center 


te- K cos (wzi t+m 2 t+<p) 


The component of the working 
tating field in direction of the 
pressed by the equation 


current which produces a ro- 
armature rotation may be ex- 


Ir, = -K 


sin {mit—m 2 t—<p) 
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and the other component, producing a field rotating opposite 
to the direction of armature rotation, is given by the equation 

Ir 2 = -\~K Sill {Mi t + 7712 

Since these two components must be equal we may write the 
equation for the total working current as 



Ir — +K {sin (mi t+mz t+(p) 

— sin (mi t — M 2 t — cp)} 

where mi —2 ir V\ 
mo —2 7r Vo 
Fi = line frequency 
IT = speed frequency 
cp = angle between any par¬ 
ticular conductor and 
stator pole center line 
at time zero. 


The equations for I n and I r2 have 
been plotted in Pig. 12 for five 
different rotor conductors. 

The low-frequency current is the 
one producing the field rotating 
with the armature. As the speed 
of the armature approaches syn¬ 
chronism, the frequency of this 
current approaches zero, until at 
synchronous speed we have a direct 
current flowing with the resulting 
conditions as shown previously in 
Figs. 8 and 9. In Fig. 12 we have 
omitted the curve of magnetizing 
current so as to avoid confusion. It is evident however that there 
are three distinct currents flowing in each rotor bar. The first is 
the rotor magnetizing current, and the others are the two compon¬ 
ents of the working current. The magnetizing current happens 
to be of the same frequency as one component of the working 
current. The total resultant current therefore consists of two dif¬ 
ferent waves ; one of which has 11 line plus speed ” frequency , and 
the other has slip frequency . The total resultant current can 
easily be obtained from Figs. 10 and 12 by adding together the 
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ordinates of the three curves. This has been done in Fig. 14. 
Fig. 15 shows these same currents for three complete primary 
cycles. This figure shows clearly that it will be impossible, with 
the standard design of oscillograph, to produce a stationary pic¬ 
ture of this curve by the visual method, since the shape of the 
curve repeats only after a comparatively long period. The 
photographic method, however, will give the exact shape. 



Fig. 14. 


Resultant rotor working current for two-thirds 
synchronous speed 


nomei^Vacet^ ST ? ” S tf- 

be explained in two different wTto£^”“ , ° r . COUld 

above discussion of the rotating fieU t^L"*t”" 

explain briefly the same phenomena bv W ® WlU n ° W 

method. We will select first for tv by the cross £eld 

rent, because this is the n + . 1S P ur P ose the working cur- 
^ aubc mis is the current of oreat^f * s 

femng to Fig. 16, the working current flo^s lnT Re ' 

£> nows m axis a—a. The 



I!,|1 i ui.lt nil. II .1 I l SI/ !/’/'. (»/• t / h'R b. \ I s 

nun ill iltiwin;', ill t lit • n tillin') ji HI hrlwrrn I hr lmi. hr , .1 
1 "' ,1 . lit ft-llf n| hnr fl-rtjnrnrv, nllti I hr ..linr i:, Imr h »r !} 
lUvi,l h *llf> tU}*h 1 ht > rt niilrrl it m hriwrrll l!tr lmi.hr 
! ; rl 11 n,l "‘ *'»r ■'* iiinnit'itl. Ilia! (hr nil nr i ; atalinnary a 

liml ihai I hr uttrhiu;: riin'riil ; pn tt hire a i a ‘It I in Hit- a\i 
«htr.r titMril.i.littu i,, .parr will armtmr lalJuw.; tla 
lil "’ Tilr niasimii.M in.hirij.tn in thr asi; a it »«:* hi-; 



* *'*• *'’*• U'.iinij* f-.i t f | xtf 

tl» hi **»<.• If* '.|<rr«| 


nitiint'ii! (hat III. Hr.rkmt: titmul tli.iiu:.-, mill ih. (a,,, 
ihr i t.rn jmiu.Iih); . lutw m iIh- ituln. linn m.iv h. , \),i. . 

H, - H r*iH i III It 

Hit' JtniurisHij ni ,im jWHill whuU Utnm flat* n \\\ih 

III fiir ]Hi\v Way !ir i**|tr«*ssrtf }*y flit* i*i|is<ifittf| 


W*** B t r*.#H ft *«* 4‘ B rm (iff I) mm ft 
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In order to obtain such a field distribution, the current dis¬ 
tribution in space must be given by 

I a —I cos (m t) sin a 

where I is the maximum current which flows in any conductor 
at the time t equals zero. This current, however, flows in that 
conductor which lies in the axis b—b. The field distribution will 
not change if the motor rotates, so the currents in the individual 
conductors must be such as to produce this same field. Hence 
the current distribution in space must remain constant. If we 
assume that the rotor rotates with k per cent of synchronous 
speed we can express the angle a through which any conductor 
has moved in t seconds as a — (k m i). If the conductor under 



consideration formed the angle <p with the axis a —a at the time 

/ ~° total an S le which it makes with the axis a-a after t 
seconds is 

OL — {k Ttl t “|“ <£>) 


Substituting this value in the equation for I a we obtain 
I* = I cos (m t) sin (k m t+<p ) 

This equation may easily be changed to a form that will more 
readily show the shape of the curve. 


sm O *+«) =sin (m t) cos a + cos (m t) sin a 
sm (m t—a) = sin [m t) cos a-cos (m t) sin a 
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Subtracting the second equation from the first, we obtain: 
sin (m tArd) — sin (m t — a) =2 cos (m t) sin a 

also let (k m t) = m 2 1. 

By substitution, then, we may obtain: 

I a — — {sin (mi t+m 2 /+<£>) — sin (ni\ t—m 2 t — <p)\ 

The form of this equation checks exactly with that derived by 
the rotating field theory. No attention has been paid to the 
absolute value of the constant K in the equation for I r but it is 
evident that the current I r is identical with the current I a just 
now derived. The question of the absolute values of the currents 
is beyond the scope of this paper, as it was the aim to show only 
the wave shape and frequency of the currents for the case where 
primary field is excited by sine-shaped e.m.f. and rotor and stator 
field have also sine-shaped distribution in space. 

It still remains to show that the rotor magnetizing current as 
derived by the rotating field theory of Ferraris agrees with the 
results obtained by the cross field method. The following discus¬ 
sion outlines the proof for this, but for a more extended explanation 
of the theory, the reader is referred to an article by Mr. Fynn 
in the Electrical World of November, 1909, p. 1235, where a 
complete diagram of the no-load conditions of a single-phase 
induction motor is given. Here it may be stated simply that in 
the axis a —a flows a magnetizing current which in the ideal 
motor is 90 deg. phase displaced against the impressed stator 
voltage; and in the axis b — b flows a magnetizing current which is 
in phase with the impressed e.m.f. Further, we know that the 
magnetizing current in the axis a—a is equal to the magnetizing 
current in the axis b — b. Also, in the same way as for the work¬ 
ing current, it follows that the magnetizing current flowing in 
an individual conductor in the axis b — b may be expressed as 

ib = it cos (m t) cos a 

and the magnetizing current in the axis a —a is 
i a = —i a sin (m t) sin a 

This expression must have the negative sign because it opposes 
the stator magnetizing current, which follows the law 


i — i sin (m t) 
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fhe total magnetizing current flowing in an individual conductor 
is the sum of i a and 4 

/m = /a + 4 = 4 cos (m t) cos a — i a sin (tn t) sin a 
— 4 cos (m t+a) 

The \alue of a for any conductor at any time t is given by the 
expression 


a = (k m t+<p)=m 2 t + <p 
This substituted in the equation for i m gives 

ifn == ia COS {l7l\ t-\-<p ) 


This equation leads us to the same result which we obtained by 
the rotating field theory. 

. T lnW} 0i ' resu ^ s obtained above shows that the 
i.ai es ape of the current in an individual rotor conductor of 
a single-phase motor consists of three current components. 
One of these is the rotor magnetizing current, which has a fre- 
, t0 llne P lus s P e ed frequency. The remaining 
of which h! r° C01 i n P onents of the rotor working current; one 
frenuencv T ^ speed t fre quency, and the other has slip 
, q ° tlaese three current components have the 

50 thS t0tSl f SUltant r ° t0r —t is made up 
line PlUS Speed the 
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D,SC =r°o"3^ Sha ™ or Cup -* e- ''ts IN AN Individual 
Chicago lNDUCTION Motor." 

ve^eation^H 0 !?^ ’ ^ e ^ c | lse ^ s interesting theoretical in- 

has been made n-nd^vf s ] la P e ?^. currents m a .single-phase rotor 

a machhi^w?thont d ? r v eal Condltlons - *•«•. there has been assumed 
a machine without leakage and rotor resistance.so that the rotor 

ivord^that^h^nn t0 the sta . tor exciting current, or in other 
the nn w? ^ °; lo3 i CUrrent Wlth short-circuited rotor is twice 
values 'hoteve^r h r ° to ™ dia S °P e n. The actual measured 
invbetween 1 fib tel Q? than those in the ideal motor, vary- 
refistam-e hs? 0 ^ ^ • The reactance, and especially the rotor 
esistance, has a vital influence upon the secondarv pYPiti-na 
current, reducing it as low as 60 per ?ent Jfits^SS^hS 

be cor^cffd e9Ua fi 10n ® m I l r ' Weichsel ’ s P a Per should, therefore, 
Bearing this £ ^ring the actual ampHtude of the current, 
nearing this in mind it may be found valuable to apply the 

Xen?s n: uX^f-^ ^f- 1 Mds - which are set *7 therotor 

TC^v SconvemVnf T condltlo ? s - and which cause sometimes 
very inconvenient phenomena m the machine. 

that ! ^ ef T mg t0 Mr - deck's discussion, I agree 

lifthL ?Slfb n e g m Pha v “° t0rS ’ We find the n °- load CUr ^ ent 

i-ss than twice the magnetizing current. The factor 2 is only a 

theoretical conclusion, and.in 
j i-he actual machines the total 

f no-load current is usually 

? about 1.6 to 1.9 times the 

j\ magnetizing current, and this 

! \ deviation from the factor 2 

| \ is caused by two factors, 

| \ namely, the ohmic resistance 

I \ . an d the inertia of the rotor. 



. Tjhe relation between no-load current and magnetizing current 
is shown graphically in diagram Fig. 1, which is based on the 
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assumption that the rotor runs exactly at synchronism and 
with uniform speed. 

0-1 = e.m.f. impressed on stator winding, whose ohmic re¬ 
sistance has been neglected. 

0-2 = magnetizing current corresponding to e.m.f. 0-1. 

0-3 = e.m.f. of transformation in a-a axis of rotor. 

0-4 = e.m.f. of rotation generated in b-b axis of rotor due to 
rotation in main transformer field. 

0-23 = rotor magnetizing current in b-b axis. 

4-5 is therefore the ohmic drop due to i z in b-b axis. It is 
self-evident that 5 lies on a circle over 0-4. 

0-6 = e.m.f. of rotation generated in a-a axis by rotation in field 
produced by current f 3 . 

0-7= resultant e.mi. in a-a axis = resultant of 0-6 and 0-3. 
This resultant e.m.f. must be equal to the ohmic drop 
in axis a-a and is therefore proportional to the rotor 
current in axis a-a. 

2-8 = primary current counterbalancing the rotor current 
0-7. It will be seen that vector 0-6 equals 7-3 and as 
0-6 is proportional to 0 i z and 0 i 3 proportional to 4-5 
it follows that also point 7 lies on a circle over 0-3. 
But 0-7 is proportional to the resultant rotor current 
in axis a-a , which current must be counterbalanced 
by the stator current 2-8. The end of this vector must 
lie, therefore, on a circle. For the ideal case, that rotor 
has no resistance, the panel 8 moves to S' and the total 
stator current is 0-8" or 2 times the magnetizing cur¬ 
rent. For a finite rotor resistance the stator current 
is 0-8 which, according to diagram, must be smaller 
than 0-8 or less than 2 times the magnetizing current. 
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CHOICE OF ROTOR DIAMETER AND PERFORMANCE 
OF POLYPHASE INDUCTION MOTORS 

BY THEODORE HOOCK 


The theoretical part of polyphase induction motor design has 

is'vervhttf IfTT 211 / 7 ’ t nalyticalIy and graphically,* and there 
is very little left for further investigation. In consideration of 

said^T :T? n , Ce ° f thlS type ° f m0t0r ver F little has be en 

aid about the leading points in the practical design. 

In laying out a new line of induction motors it is desirable to 
ave a rational method for determining the influence of the rotor 
diameter upon the performance rather than using the longer 
procedure of designing a number of motors under different as¬ 
sumptions and comparing the final results. 

The performance is so rigidly interlinked with the mechanical 
dimensions and the windings that a theoretical design can easily 
be made which will show clearly the influence of the chosen 
constants upon the motor characteristic. 

The derived formulas in this paper are not intended to super¬ 
sede the detailed design but they should be used for the first • 
layout. 

On the other hand the designer will find the results of the cal¬ 
culations very convenient for comparison and assistance in 
choosing the proper frame for certain guarantees to be met. 

It is undoubtedly of great use in the further development to 
analyze the design on a practical basis in order to find the 
limitations and the influence of the variables. 

It is fully demonstrated by tests that the D- k of standard 
speed motors is not limited by the te mperature rise but by the 

To*u® y a^d d o«ierf rn01 ^ SteinmetZ ’ Behrend > McAlIhter, Hellmund, de la 
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performance and flux density. It is also a sad fact that until the 
present time these limits could be found only by test and that we 
have to confine the investigations to the power factor, overload 
capacity, copper and iron losses. 

Instead of dealing with the rotor diameter we express all 
results in terms of the pole-face proportions, i.e. y the effective 
core length divided by the pole pitch. 

We will see later from (Figs. 6 to 10) that the power factor and 
the copper losses depend largely upon properly proportioning 
the pole face. There exists always one “ best ” proportion 
for the power factor and another “ best ” proportion for the 
minimum copper losses. Both conditions do not occur at the 

POWER FACTOR 



same ratio of core length to pole pitch. Also the deviations from 
t e minimum or maximum values obtainable vary considerably 
with the design; for instance with the slot dimensions, number of 
poles, type of winding and so on. It is, therefore, advisable to 
put ah these deviations on a percentage basis, because it gives 
us a convenient method of comparison. 

. These mves tigations can be divided under the following head- 
mgs: 

1. Leakage coefficient. 

2. Copper losses. 

3. Overload capacity. 

4. Iron losses. 
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The Leakage Coefficient 

The circle diagram, as drawn in Fig. 1, illustrates in the 
implest way the relation between the current taken from the 
line and the power factor for any given load. 

Two tests, the no-load test and the locked test, are required in 
order to draw the diagram. The no-load test determines the 
nodoad current and the no-load power factor while running 
f ^ normal voltage. The current and power factor at 
standstill will be found from the locked test. These four quan¬ 
tities U, cos <p o, I k , cos <p k , determine two points of the p rimar y 
current circle. The center of the circle lies at a distance a above 
the base line, which can be found by test, calculation or with the 
aid of a simple geometrical construction. 


COS^»m 



meM'T^Tnd* 0 ,!! 11 ' 8 , 01 ' 016 the sma “ est P ha * ^place- 
ent cp mm and the largest power factor cos <p max (cos <o 

= 73 per cent in Fig. 1). V x " * max 

eJai "-TZ P dT ZZ “ l>y the eirde diam- 

. 7 it J,T S * ance from the ° ri Si» t» the circle, 

from He TttiT " a I” et 'T e C “ rrmt J "* We oan also see 
from F g. 1 that a shifting of the center up or down from the base 

S^e^cent) ^ ma * in ™ m power factor somewhat (3 to 

cent 7 See curves A, B and C in Fig 2 

no-loadZmntTZ 77 “V" ,ak “ fr0m * he is 

creie to the 7n d * he “« tor the current win in- 

still more we HZ “ bad ^ 

reach I (oos ^ max) and finally, it will pull out and 
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come to standstill. In case the normal voltage is still applied, 
the locked current Ik will flow in the winding. 

In case we could decrease the ohmic resistances of the motor 
the point Ik would move along the circle, i.e., the locked current 
would increase. For the extreme case having resistances equal 
to zero the ideal locked current Ik% would be taken from the line. 
This reactive current Iu is determined by the leakage coefficient 
and the wattless magnetizing current. It is 

i ki =Uf- (i) 

Where cr is the leakage coefficient or the ratio of the 
component of the no-load current to the ideal locked 
or rewritten, 


wattless 

current; 

( 2 ) 


The main advantage of using this coefficient is the inde¬ 
pendence from voltage and magnetizing current. As soon as 
the punchings, the core length and the number of poles are 
settled the leakage coefficient is almost fixed (disregarding the 
iron saturation and fractional pitch windings). Furthermore 
all the characteristics of the motor are improved by decreasing 
the leakage coefficient. 

It is not necessary to draw 7 the circle diagram in each case 
in order to find the leakage coefficient, as it can be figured 
easily from the no-load and locked test data. 

The total reactance of a motor at short-circuit is 


lpoy_, 

f W k > 

| 3 _ Pi 

n/J * 

V nil Ik 2 ) 

' Ik 


and the leakage coefficient 


Pi_ 
I ki 


( 3 ) 


x I±BE_ go hwi ... 

A Pi Xk ~ T*T (4) 

The Maximum Power Factor. It has been brought out above 
that the magnetizing current I m and the leakage coefficient 
determine the maximum power factor. Under the assumption 
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r.hat the center of the circle lies on the base line the maximum 
power factor is 


cos <p max = 


hi—11 


OWl ;) 


1 + 2 (T hi-T hwl 


( 5 ) 


These equations were figured for different values of <r and are 
plotted m Fig. 2, curve A. 

Curves B and C in Fig. 2 are added to show the effect of the 
center displacement upon cos <p max . Both curves are taken 
- actUa tests and Wl11 be found very useful for approxima¬ 
te following details may be kept in min d • 

Use curve A plus * to | per cent for large motors. 

Use curve B for small and medium size motors and cos <p k 
= U.o to 0.6. ^ 

Use curve C for small and medium size motors and cos <p k 
>0.75. 

If the tested power factor is plotted in a curve we can find 
readily from its maximum value the size of the leakage coefficient 
using these curves (Fig. 2). If the no-load current is known,’ 
we are m a position to compute also with equation ( 4 ) the 

tests anCe ° f thS m ° t0r without knowing the data of the locked 

Another quantity which is convenient for comparison of the 
overload capacity is the current at which the maximum power 
factor occurs. It is 


-^(cos <p max ) — I{ 


Owl 




( 6 ) 

r.Jffi 6 - Ca r + n u° W investigate the Nations between the leakage 
coefficient, the rotor diameter and the core length. All practical 
considerations, as peripheral speed, temperature rise, flywheel 
effect and so on, will be eliminated in our investigations entirely 
is perfectly feasible to build two motors for the same purposl 
one wi a large diameter and narrow core and the other with a 

b"th casT'T h e nd The DH< is assumed in 

pitch for • h r0t °l diameter 1S Proportional to the pole 

resets ffi'reSr 11 TS* ^ ^ therefore we have a11 

^lts_ m relation to the ratio of core length k to pole pitch r. 

For cr = l0 per cent. =0.10 


ale -f kj 1 

— ~ is the ideal short-circuit ratio. 


f Owl O’ 

is the ideal locked current 


0.10 t * mes the magnetizing current. 
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The pole face of a motor is the product hr . The square pole 

face will have then the ratio ■— equal to 1. 

The leakage coefficient cr can be figured with great accuracy 
from the dimensions of the motor.* 

It is 


ampere-turns circuit ^ . 

T, - ; - 2 cr= saturation factor 2 cr (7) 

ampere-turns air gap ^ J 


The sum of the leakage coefficients 2 a consists of the follow¬ 
ing coefficients: 

cr Ml = Stator slot leakage coefficient. 

= Rotor slot leakage coefficient. 
c7 si ~ Stator end-connection leakage coefficient. 
o’s 2 == Rotor end-connection leakage coefficient. 
cr s = Zigzag leakage coefficient. 
cfbx — Stator belt leakage coefficient. 

0& 2 = Rotor belt leakage coefficient. 

Or 2 <r = 0 Vi+c«j+<r Jl +<r J2 +cr a +(r 6l +<r 6s (8) 

We combine the corresponding leakage of the stator and rotor, 
and placing 


a § k i c n ti~\-X n2 t<z) 

C o Ck t\ 1 2 

we obtain for the leakage coefficient 


( 9 ) 


cr — saturation factor 


/«+c ,b \ 

r^ + /7 +<T 7 


= saturation 


factor (-2±£ + ^ +<ri ) 


*See R. E. Hellmund. Elektrotechnische Zeitschrift, 


( 10 ) 


1911, p. mi. 
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? rd , er v t0 determine the minimum value of the leakage 
amount and almost independent tf 
it eVuVtozero:' ° f 2 ' ^ reSpeCt t0 * and P Ia « 


We find that the minimum value for 2 a occurs when 
a+c b _ b 

r 2 ( 11 ) 

This equation indicates that the leakage coefcienl mil become 
a minimum when the total slot plus zigzag leakage is equal tfZ 
total end connection leakage. ^ 

The quantities a, b and c are determined by the air gap slot 
imensions and the number of poles. We can also froS the 

quotient of —+_ fi nd the pole pitch for which ^ leaJfage 
coefficient 2 a will become a minimum, i.e., when 


^for^ ° f ^ diam ' 
W^ will S cmry rC cmt t °^ etenrdne the advantag^sTam^ 

r?rl s *^=r r i, 

ferentvah.es D and 1,, varying from 140 to 70 in. (3 58 to 1 n m 
diameter and 15.3 to 61 in. (0.38 to 1.55 m.) length „fe„“.! 

which gives a variation of the pole face proportion ,8-A-0.417 

to 3.33 (see Table I). T 

The fifth column shows the ratio r/B (88 to 5 b) Th* 
values of a, b and c are 5 2b f) i ioc , . , ' )■ The 

re °‘ 556 > !-135, which are written on the 

curves in Pig. 3. The ratine a + c „ A b 

* ratlos ~pr~ and and the sum 2 <r 
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are plotted also in Fig. 3. The minimum value occurs at 


t _ a-rc _ 5 . 25 + 1.135 
3 ~ ~~b " 0.556 

ratio $ = — = 1 . 95 . 


= 11.5 (upper curve in Fig. 3), giving a 


When we add to curve the belt leakage, the 

total 2 a will be found. These figures are worked out for 
12, 16 and 32 poles on six different diameters (see Table I). 



the resuits are plotted in Fig. 4, a, b, c, against the ratio of corf 
bngth to pole pitch. We find that the minimum value for the 
different number of poles does not occur at the same ratio h/r 

The minimum values for the 12 , 16 and 32 poles lie at — = p 7 

1 . 55 ? 1.3 respectively. 

We can see from these curves that a design with a large diam 
eter and small core length, as well as with a small diam(£ tX 
corresponding extreme core lenat ti . , umeter and a 

the leakage eoefficiem. * ' h “ “ ****** 
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The curves of 2 a have no sharp knee and the deviations from 
the minimum values are small over a large range of 1{/t 

In order to bring all curves upon a uniform basis the per¬ 
centage of increase above, the minimum values is plotted in 
Fig. 4, d, e and /. The smallest value of 2 a for 12 poles is 

= 2.825 per cent at £- = 1.7, curve a. At -£-=0.417 we find 

^ <7 = 4.26 per cent. This means an increase of 51 per cent 
curve d, which is due to the large influence of the end-connection 
leakage its coefficient being eight times as large as that of the 
slot leakage. The curve « of the 16-pole machine shows the 
same characteristic, but not quite so distinctly. The end-con- 
nections m the 32-pole design are only of moderate influence while 

TABLE I 

______=300,000—12 poles 


H 

(inches) 


3 

(inches) 


the slot and zigzag leakage in the long motor with a small 
po e pitch are the largest items. It is certainly of interest to 
follow these figures to the final result which may be considered 

fecto he ^ XlmU “ p ° wer factor ( cos <»»«) • The full load power 
factor is then only determined by the overload capacity or 

the ratio of the wattless magnetizing current I 0wl to the full 
load current Zfl. Therefore, we multiply the figured leakage 

cenfofoth 7 the Saturation factor = 1.15, assuming 15 per 
f air am Pf re -tums for magnetizing the iron path in 

can tben k a fou f ° A (F g ' 2) or from equation (5) 

. found the maximum power factor. The results 

are plotted in Pig. 21. results 

The maximum values of the cos correspond with the 
mimmum values of 2 or and occur at the same ratios k/r as 
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the leakage coefficients 2 a in Fig. 4, a, b and c. It is surprising 
that for 12 poles (2 or = 2.825X1.15 = 3.25 per cent), the cos ip max 
= 93.7 per cent, only 3 per cent larger than cos <p ma x = 91 per 
cent for the 51 per cent larger leakage coefficient. (cr = 4.26 
X 1.15 = 4.9 per cent at Z*/r = 0.415.) 

We can figure from curve B, Fig. 2, the deviation A or per cent 
for 1 per cent change in cos <p max and find curve D. This result 
shows that with a leakage coefficient of 3.25 per cent or cos <p m ax 
= 94 per cent, 19 per cent deviation is permissible, for which 
amount the cos <p ma x will go down to 93 per cent. In our case 
with 51 per cent deviation the cos <p maz = 93.7 per cent is de- 



, 51 

creased — per cent = 2.7 per cent and we actually find 91 
per cent against 93.7 per cent (Fig. 21). 

_ J h ® " best ” P° Ie face of the 32-pole machine gives a cos <p max 
- .3 per cent (o'= 9.25 per cent) for which the permissible 

allowance is only 8| per cent for each per cent power factor. 

It was found for the longest motor ~ = 3.06 (c = 9.3 per cent), a 
deviation of 16 per cent. The power factor cos p„„ will be de¬ 
creased in this design JJ per cent-1.9 per cent or it will 
be 84.3-1.9 = 82.4 per cent. 

This influence is greater the larger the leakage coefficient is. 
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or in other words, machines with a low power factor or with a 
large leakage coefficient will be more sensitive than those with 
small leakage and high power factor. It is, therefore important 
to choose the pole face (U. z) of motors with large number of 
poles as close to the best values as possible, since every variation 
of 5 to 7 per cent in the leakage coefficient decreases the maximum 
power factor one per cent and increases the full load stator current 
m the same percentage as the power factor is decreased. 

The determination of the pole fate by the formula ( 12 ) is 
very simple as long as the air-gap S is kept constant. This 
condition will not exist, however, in most practical cases. It is 
general practise to vary the air-gap proportionally with the rotor 
diameter, Fig. 5, except that very long cores for high speed will 
have also a bearing upon the air-gap. We will consider here 
only the standard speed machines for which these investigations 
are made especially. Not only the air-gap brings a complication 

in the analytical solution of the 

problem but also the member —^r 
. T • Jp~ 

in quantity b, because the length of 
the end connections are (const. Xpole 
pitch plus 2 to 10 in.) according to size, 

T voltage and type of winding. This 
Fig. 6 constant addition introduces an error 

which may lead to incorrect results. 
The smallest leakage coefficient does not occur always be¬ 
tween the ratio —=1.2 to 1 . 7 , as it was obtained for D 2 1 { 



300.10 3 , but its location depends upon the size of the pole 
face, the type of windings, length of the air-gap and slot pitches. 

. 6 Wnt f has worked out a few interesting cases which will 
give an idea of the range of variation. 

In Figs. 6 to 10 the leakage coefficients 2 or for a D- / f = 2000 

are drawn for various number of poles. The diamond coils of 

the stator are placed m open slots and slightly chorded. 

he rotor has partially closed slots and a special squirrel-cage 

nding with a slot pitch of only 0.34 in. (8.6 mm.). The 

■' 1S ® pllt up a 2 am as shown before in Table I. The air °- aD 5 

rotTrT a - C ° rd “^° Fig ' 5 \ The slot dimensions of stator and 

stant and^JT 11 ^ ^ 5 ’ • SmCe th ® slot °P enin g s are kept con¬ 
stant and the air gap vanes, the gap factor k, varies inversely 
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as the rotor diameter, but the effective air gap 8 . k i increases 
with the rotor diameter. 

The leakage coefficients 2 a are figured for all diameters and 
numbers of poles, using formula ( 8 ) in order to show the rela¬ 
tive magnitude of each kind of leakage. 

The upper curves in Figs. 6 to 9 give always the sum 2 or per 
cent and all sums are combined in Fig. 10, a to e. 

The minimum values of 2 a occur for the 6- 8- 10- 12- and 

14-pole designs at a ratio-~== 1.15, 1.40, 1.38, 1.40, 1.30 and 

1.20 respectively. 

In Fig. 11 the deviations of 2 a from the minimum are drawn, 




Fig. 8 


which have the same character as those of Fig. 4, d , e, f. 

The curves are somewhat further extended ’than we would 

Snd Son's 2 T ” P ° SSible ’ h —, that certain 

conditions, 2- or 4-pole, or 14- to 20-pole designs on standard 

li 


frames would give ^ = 0.45 to 0.5 or 2.5 to 3.5. 


tion'Tth^he TTS f 1S u U ’ We Can judge again > in combina- 
X how m K ge Coeffident * = saturation factor 

t u: I'JT much the P° wer factor will be decreased by making 

daermt £ 
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It was previously mentioned that the size of the motor, the 
slot pitches and the type of windings influence the design as 
to its most economical proportions. 

Table II gives a layout for a D 2 k = 289 — 6 poles. 

The stator is in all three designs the same, chorded diamond 
coils in open slots. The rotor A. represents a construction with 
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We bear in mind that the mechanical air gap 8 is the same in 
all three cases A, B and C for the same ratio k/r and compare 
at first the leakage coefficients 2 o’. The minimum values of 
2 cr are as follows : 



A 

B 

c 

Iff 

6.95% 

5.85% 

5.7% 

At ±\ . 


I A 


T 

u . oou 

(J . ( O 

0.80 


We see that a smaller motor calls for a considerably smaller 
ratio k/r than the larger sizes figured. 

Designs B and C show very clearly the good influence of the 
large number of rotor slots, which decreases 2 cr 20 per cent or 
increases the maximum power factor 2 per cent. 



Design B with the open rotor slots is almost as good as C 
with partially closed slots, as far as the maximum power factor 
is concerned. The air-gap is rather small in this small motor, 
being 0.02 to 0.0275 in. (0.5 to 0.69 mm.) on one side, so that 
the gap factor ki increases the magnetizing current and affects 
the full load power factor. This leads to the conclusion that a 


motor with open rotor slots of this small size could not compete 
with one having partially closed slots. 

The percentage increase of the leakage coefficient 2 cr per 
cent above the minimum values is plotted in Fig. 15. The slot 
and zigzag leakage are the largest items in design A which over¬ 
balance the end-connection leakage considerably and reach a 
very high percentage in Fig. 15. All three curves have a sharp 
turn. 
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Vv e see further that a motor can be made longer (large Ii/t) 
the smaller the slot and zigzag leakage can be kept in comparison 
to the end connection leakage. 


TABLE III 

D 2 li=24.5 —2 poles— two-phase 


Rotor diameter 

Core length 

Pole pitch 

Ratio 

Ratio 

D 

h 

T 

/?=-* 

r 

1 

T 

1 

4.52 in. 

1.20 in. 

7.1 in. 

0.169 

42.0 

4.22 

1.48 

6.62 

0.224 

29.6 

3.92 

1.59 

6.15 

0.259 

23.7 

3.625 

1.87 

5.68 

0.333 

17.05 

3.32 

2.22 

5.20 

0.427 

12.16 

3.02 

2.69 

4.74 

0.569 

8.32 

2.72 

3.30 

4.27 

0.773 

5.52 


In Table III and Fig. 16 the dimensions, constants and the 
complete leakage data of a very small motor are given. When 
using formula ( 12 ), with a = 0.231, b = 0.0227 and c = 0.348, we find 

the ratio -g- = 25.7 to give the highest maximum power factor at 
a pole-face ratio /? = — = 0.25. 

T 

The belt leakage is the largest item in the group and it changes 
the ratio U/t to 0.22. It can be seen again that the equation 
furnishes good results when the air-gap is kept constant. 

We have figured previously with the sum 2 cr of the single 
leakage coefficients. It may happen, however, that the maxi¬ 
mum power factor and the derivations for the smallest copper 
losses are influenced by the saturation of the iron path. Equa¬ 
tion (10) expresses the influence of the saturation factor. 

saturation fg ctor — am P ere -turns _ iron ampere-turns 
air ampere-turns air ampere-turns 

( 13 ) 

It has been assumed that the iron ampere-turns are constant 
for all number of poles and ratios U/t. It would lead to con¬ 
siderable complications if we tried to introduce the iron ampere- 
turns in all derivations. The density in the air-gap and the 
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ampere-turns for the teeth and yoke depend largely upon the 
motor type, frequency and number of poles. In case we de¬ 
crease or increase the air-gap with the rotor diameter and keep 
the density in all parts of the magnetic path constant, the fol¬ 
lowing results may be obtained: Motors with a large number of 
poles will require a small amount of ampere-turns for the yoke, 
due to the short length of path r. The ampere-turns for the 


teeth will be constant with all 
poles for constant density and 
slot depth. The ampere-turns 
of the air gap wall vary with 
6 k u which is almost propor¬ 
tional to the air gap <5. In 
turn we find for a given 
number of poles an increase 
of the saturation factor, when 
decreasing the air gap. From 
these conclusions we can state 
that the minimum leakage 
coefficient and the maximum 
power factor are always 
shifted a small amount toward 
a lower ratio k/r, than found 
by figuring with the sum 2 a 
only. The influence of the 
iron ampere-turns comes into 
consideration only in highly 
saturated machines or in those 
with very small air gap.* As 
long as the iron ampere-turns 
are not more than 25 per 
cent of the air ampere-turns, 
the results will not be in¬ 
fluenced. 



Fig. 16 


Copper Losses 
The stator copper losses are 


W zMor = - D A S s i k r 4 (1 +0.QQ4 1°) 
14500 -“ 

where 4 = /,+1.5 r+3.5 in. 


watts 


Th. Hoock and R. E. Heilmimd CrCTCT I 1 ;-—- 

Wien, 1910 , p. 741. Elektrotechmk & Maschinenbau,’ 
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^ _ alter gating- current res istance * 
direct-current resistance 

or, for both windings together, double the amount when we 
assume A S and the copper density 5 for the rotor the same as in 
the stator. The ampere-turns per inch A S and the density 5 
may be assumed constant, so that in varying D and U of a certain 
n-U as earned out previously, only D and U change in equation 

TV e can write then for the total copper weight, in its simplest 


copper weight = const. D 4 = const. D (/,+1.25 to 2.0 r) 

^ A simple differentiation furnishes the smallest copper weight 

l a —1.5 t at a ratio — = 3.0 


l a — 2.0 r at a ratio = 4.0 
The length of conductor is correctly 


la — /i+const. r+const, allowance 


( 15 ) 


The neglecting of the additional constant length which is 
given by the type of the winding involves an error. In order to 
eliminate it the quantity D l a has been figured for several IF h 
and is then plotted against the ratio U/r. The presence of 

■ ng dac J m the core increases the constant allowance 

m equation 15 ) and their influence can be estimated from 
curves i m Figs. 18 to 20. 

vate r : UltS Tq TedUCed t0 a P6rCentage basis - calli ng the smallest 

cmvlT; i CUrV6S in FigS ' 17 t0 20 ‘) We see from all 
curves that the copper weights become a minimum at a ratio 

f =3 -° t0 5 -°' These values are so high that they are beyond 


practical applications. 

Pigs. 17 and 18 refer to a B> 1 , - 1220-4 poles. Assuming a 
motor with a pole-face ratio M.-0JS. we find from curve 6 , 
*A. B. Field, Trahsactioks a. I. E. E„ 1905, XXIV, page 761.- 
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Fig. 18, that the copper weight will be 50 per cent higher than 
the amount required for the “ lightest copper ” machine. For 

the square pole face = 1.0, only 18 per cent difference is found. 



Fig. 17.—Deviation of copper weight from the minimum 



CURVE (a) FOR MEAN LENGTH OF CONDUCTOR l a -ll+1.5r+ 0" 

“ - “ “ “ “ la=li+l£T+$.5 

Fig. IS.— -Deviation of the copper weight from the minimum 


In case we wind the same frame = 0.5 for 4 poles^ for 10 

poles or -Jr =1.25, approximately 20 per cent difference will be 
found from curve 5, Fig. 19. 
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The minimum of the leakage coefficient or the maximum 
power factor on one side, and the minimum copper weight or 
smallest resistance (constant copper density assumed) on the 

other side, occur always at a different ratio The full-load 

T 



Fig. 19.—Deviation of the copper weight from the minimum 



Fig. 20. Deviation of the copper weight from the minimum 

current as determined in the circle diagram by the no-load cur¬ 
rent, the leakage coefficient, the no-load and the locked power 
factor. Assuming the magnetizing current, the no-load and 
ocked power factor to be constant, we find the full-load current 
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v arying in the same percentage as the maximum power factor 
decreases or increases by changing the pole-face proportion. 

The following procedure can be used under these considera¬ 
tions for finding the ratio of core length to pole pitch at which the 
copper losses approach the minimum value. The copper losses 
vary with the square of the current. Therefore we square the 
deviations of the full-load current as derived from the leakage 
coefficient and the maximum power factor, and add to these 
values the percentage deviations of the resistances from curves 

m Figs. 17 to 20. An example will better illustrate the applica¬ 
tion of this method. 

nTlo h no V !i° U ? d the leakagS coefficients 2 o- for the motor 
D /,■ -300.10 which are drawn in Fig. 4. The leakage coeffi- 

aent cr is then calculated by multiplying by the saturation factor 
Cur ^' e ^> Fl S • 2, then gives the maximum power factor 
‘ ", 23 S210wn ln the upper curve of Fig. 21. The highest 

; al ” «*«•. design is Mi per cent, at a ratio 

7 -1.28. For a core dimension three times as lor g as the pitch, 

devimton"?) rfV' “ *”*■ This to a current 

equal'to 5 per It (See “ F «- or (A !)• 

We assume the mean length of conductor / -7 _i_o n , * . 
and use the curve b from Fia 90 L? Z , ■ ~ li+2 - Q T +° in., 

and marked C u. The sum of the t ’ ' 18 C ? Pied in Pig ' 21 

0f the two curv es (A 7)2 per cent 

+ p6r C6nt shows a disti ^t minimum at the ratio -£- = 3.36. 

SJoft :“ ae “ ro Kne we find «•*- 

pper losses from the mmimum. These results in- 

d,Ca " 8 Mher ^ (v- 3 ' 3 «) « f- as copper iosses are 

concerned (disregarding the iron losses,, wh i Ie .hehighest power 

— ^edataratio^. In _ the ^ 

end the apparent efficSicy^H bTnMr ifs'^ 

7 : ‘ a —- ~“ihf —'the If e7 

nan '°''' er ’ a PP roac hing the ratio k, h2s 
change, however, aril involve an increase o f copper losses and 
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higher cost. It can be seen from the flat shape of the curve that 
the performance of a large motor is less sensitive than a smaller 
one when the best proportions are not used. 

The same method is applied on the small motor D 2 h = 289 
—6 poles, designated as design A. 

The leakage coefficient 2 <j increased very rapidly with U/t 
as shown in Fig. 12. With the aid of curve A , Fig. 2, the cos <p max 
was plotted in Fig. 22. Then using the maximum value 
87.5 per cent as a base, the percentage of current increase 
A I per cent and (A I) 2 per cent were the figures. For the mean 


COS ^ MAX. 



iengtfi of conductor curve b in Fig. 18 has been chosen. After 
a mg t e curve (A /) 2 to Cu per cent, their sum, minimum 

iocus (y = 1.75) and their per cent deviation from the mini¬ 
mum were found. These results show again that the difference 
between power factor and copper loss loci is large, li = o.55 


against 1.75. The deviations at the cutting point, — = 1.26 

T ’ 1 
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however, are only 2 per cent, with a maximum power factor of 
So.5 per cent. If a higher value is desired the core should be 

made narrower. At a ratio -^- = 0.55, a cos <p max = 87.5 per 

cent can be attained, but the copper weight will be increased 
approximately 30 per cent. 

These investigations show clearly the opposing influence of 
the pole-face proportions upon power factor and copper losses. 
The iron losses introduce another component which makes the 
problem practically impossible to solve, because of its variable 
proportions in the sum of the losses. A final decision can only 
be made on the basis of a complete design. 


The Overload Capacity 

The change of the leakage coefficient a with the pole-face 
proportion and its influence upon the whole performance of the 
motor introduce only variables in the problem. A base to 
start from, however, is given in the maximum torque or the over¬ 
load capacity. Bearing this in mind we will change all quantities 
m such a way that the pull-out torque remains constant in our 
further investigations. 

A simple method will lend itself to this purpose. The watt- 
[~ etiZing current Phase can be computed as 

I 0wl = 1-11X (total ampere-turns) X p 

( 16 ) 

where 


total ampere-turns = 406 


U JJ 


1 jji A saturation tactor 


m ^ p—t- 

l0 "r equation (ie )and (i?) “ d ^ *> y M1 


=Lll £fQ6 S kj_ jgXsatura tion factor 
1fl Ipltnx wThTp l 

Ifl m, a, represents the total ampere-turns in the 


place 


( 18 ) 


stator if we 


2m 1 I FL w l = rD 1 AS=2pzA S, (19) 

'Vtoe££-ampe, e conductors pe, inch circumference. 
*Arnold-Wechselstromtechnik, V. 
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Introducing A S in equation (18) we find 

Iowi _ 1.11,406 8 ki Bi X saturation factor 
Ifl fifpi r A S 

or, for Bi in kilolines per sq. cm. and A S in inches, 

I owi _ 0.45 5 kiBjX saturation factor 
Ifl rfif Pl A S 


( 20 ) 


( 21 ) 


The maximum or pull-out torque in terms of the full load 
torque can be figured to 

maximum torque _ I QW i 

full load torque T / 0 ,2 r x I ow i \ (22) 

^ Ifl \2 a +- j cos p'j) 

We take only the three prevailing quantities into considera¬ 
tion and plot the pull-out torque against the ratio 

( see curve a, Fig. 23) (23) 


The upper curve may be used for highly saturated motors 
with a small number of slots per pole and a “ bent ” locked 
saturation curve. 

Now we combine this pull-out relation with the winding and 
motor dimension of equation (21) and write 

Jowi __ 0.45 8 ki saturation factor B t _ 0.45 5 ki Bi 
cr Ifl crf^f^AS ~ 2 cr r fif Pl A S [ 


We see that the pull-out torque can be determined without 
knowing the ampere-turns for the iron when the S cr is used 
instead of the total leakage coefficient a. 

We find therefore the ratio of the specific working quantities 
Bi and A S 


Bi 

A S 


= 0.4 to 0.8 


fif*r2 cr 
0.45 <5 



This ratio will be the smallest for a certain pull-out when 


r 2 cr 


becomes a minimum. 
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_ The required field strength in the air-gap will then be obtained 
with the smallest number of ampere-turns per unit of length. 
Suppose it is asked that the pull-out torque be not less than 

2 ? times full load torque; the ratio will then be larger 

than 0.5. Or from equation 


Bi > 
A S~ 


- - 0-5/i/ftT(r > . f, f Pj T S 

0.45 o ki X saturation factor * 0.45 d ki 


This ratio gives a relation between the specific working 

densities and the constants of the motor for a certain overload 

capacity. 

Equation (25) may also be used directly to calculate the turns 
per phase or the correct air density for a given frame and a cer- 
tam pull-out torque We figure for this purpose from equation 

25 , t . he ratl ° Bl ' A S and introduce the result into the output 
equation or the machine constant* 


D 2 ljfi 133 . io-H 
kv ' a - A S' 


and set 


Hence 


Bi=A S 


(ft) 


AS=yj 


~bftaT 133 . 10 11 ’ 

D-1in ~ /. B, 


* (ft) 


And finally the turns per phase 


or the air density 


A StD 

2 mi Ifl 
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These equations enable us to determine quickly the lowest 
air density at which the required pull-out torque will just be met 
in case the leakage coefficient is known. * This refers especially 
to designs which are limited by the maximum torque. 

Iron Losses 

An incorporation of the iron losses complicates the theoretical 
design and these losses should preferably be calculated after the 
main dimensions are settled. 

A complete line of iron loss figures was made for the same 
D 2 k~ 2000 as above, running the motor on 60 cycles with a 
synchronous speed of 900 rev. per min. 



Fig. 23 

It was pointed out that the pull-out torque should be kept 
constant. Assuming in this case a pull-out torque of 2 f times 
full load torque, we find from equation (25) 

Bi _ 0.957.0.966 . r . 2 a 1 n r 2 <r 

AS~ b 0.45. 8, K, “ 1U 8K X 

if we take = 0.957 and 7^ = 0.966. 

The ratio Bi/A S has been figured and plotted in Fig. 7 using 
the data of the lower curve in Fig. 23. 

Finally we obtain with these results in combination with 
formula ( 2 §) the required air-gap density Bu Fig. 7 . 
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The flux per pole is 


E . 10 8 

4.44 cwif l f Pl 


and the maximum air density in kilolines per sq. cm. 


■ 6450 Th 


4 > 

41107-/, 


The density in the (90 per cent solid) iron behind the slots 

_ & _ _ <j> 

2 - 6450.0.90 . /. T a ~ 11600 .T7T a ^ 

Combining, we find 


or approximately 


B a =0.354 — NL 
/ Jl a 


= 0.36 


The volume of the stator core is 

vol.s,. e . = (D +2 h ni +h ai ) ^ r l h ai 0.90 cu. in.; 
of the rotor core 

vol.* 0< . c .=(D~2 h ni -h a2 )rlh a 0.90 cu. in.: 
of the stator teeth 

' t. — Z\ k„ t z mi l 0.90 cu. in.; 
of the rotor teeth 


v ol-.Rof. t. =Z 2 h n , s 1 0.90 


cu. m. 


the stof* “ S “ m o pti0 " of » constant 
B., - 10,000. The variMi™ „ t l” ? “ 9 '°°° a ” d “ the «*or 
evident in the core volume and later ^ densit y. Fig. 7, is 

of the stator and rotor core reaches* 50 l nthelosses - The volume 


a minimum while the stator 
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and rotor teeth increase with the core length. The stator teeth 
are in this example a big item and their influence is expressed in 
the volume of the total active iron very distinctly, curve c, 
Fig. 25, which is a measurement of the cost of the punchings.’ 
Curve b represents the sum of stator core plus stator teeth, while 



curve a, the sum of the stator 
plus rotor teeth, is a value for 
estimating the additional losses. 

The hysteresis and eddy losses 
of the stator core and teeth are 
figured separately and plotted 
in terms of the ratio U/t in 
Fig. 26. We notice the same 
character in the loss curves as 



Fig. 25 


Fig. 26 


in the curves of the volume in Pig. 24. The total iron loss 
in core and teeth caused by the rotating field increases slightly 

with an increase of core length (750 watts at — = 0.5: 800 watts 

1% 1 . T 

at — = 1.7; 900 watts at — = 2.5). 
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The total additional iron losses decrease very slight h w ith a 
longer core. The pulsation and surface losses j n the stator 
and rotor teeth decrease even despite the fact that the volume 
(curve a, Fig. 2.5) increases. The explanation j ; ,.j Vt . n iiv 
reduction of frequency of these pulsations and the speed in 
the longer core designs because the number of slots are pr„j,„r 
tional to the rotor diameter. It is very interesting to note that 
the increase of one class and a decrease of the second rh 

mr U thdr SU,n a mini,n »'» iron loss 

(big. 26). I he percentage variation of the total inm Ins . from 
the minimum is plott ed in Fig. 2(1. The best pole thee .. . 

of this example lies at £=1.2. The deviation is it) per cent at 

li 

t ~~ 2 ' 4, which * s sm >'iUer than the test, variations. 

These figures are carried out moreeompietelv in onler to justify 
our previous assumption of constant no-load losses whin j,,' 
vestigatmg the copper losses. In ease the iron losses 

pole-face proportion will be inflneneeil by tin- ratio of the e, „ 

stant losses to the copper losses. ‘ 

Summary 

tlJpcrtawcrf r 111 .. >'•"»"> mil,,,,,.. 

to core length for which the perfornnm-o'b 

Th, power factor, ..ppe'r 1^“^,'”™“ .J 

capacity have an ^ , p’h.io 'l',1" 

to work the material in the mos( 1,1 oni ' , >' 

item we would obtain as in-mu' nr ' ,t>: ‘' ous nmilI,<, r lor eaeb 

It is, therefore, the scone of it,; .’ f lu ' I1< ' , ' s ''tjuation. 

ratio of core length to pole pitch for'*wl' 1 ' !° fI "' proper 

formancc will become a maximum ,!!• ' In¬ 
duction of the leakage eoelE " ZrZ'iJ^ '”T 

magnetizing current to the idea I 1 , al ’‘ */ th ‘‘ wtUless 

fc™*- for practical aj.plicafc,™"'"'"' , ’ refeh » 

.'»‘r. 

formula W . Since t„c oUtaine, 
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from the actual machine dimensions, all calculations in the paper 
are reduced to a percentage basis in order to judge the mag¬ 
nitude of the deviation from the theoretical values. 

The copper losses are based on the full load current and the 
resistance. . A set of curves are calculated and drawn in Figs. 17 
to 20 to indicate the relation between resistance or copper weight 
and the main dimensions of the rotor. 

The percentage deviation from the maximum power factor 
has then been used in order to find in a simple manner the mini¬ 
mum copper losses. 

. The Allowing table shows the ratio of core length to pole 
pitch at which the power factor, apparent efficiency and copper 
weight approach the minimum or maximum values of a certain 
rame (D The limits vary with the type, length of air gap, 

type of winding, slot dimensions and number of poles. 



Ratio of core length to pole pitch 

Best power factor 

Best app.eff. 

I Lowest copper losses* 

Lowest copper wt * 

j 20 

j 200 

| 2000 

I 10,000 

I 300.10* 

*17 -- 

0,2 to 0.3 

0.4 " 0.8 

0.8 “ 1.4 

0.9 « 1.5 

1.3 “ 1.8 

0.5 to 0.8 
1.0 * 2.0 
1.5 “ 2.5 

2 « 3 

2 « 3 

1.0 to 2.0 

1.5 “ 2.5 

2 “3 

2.5 « 3.5 

3 « 4 

2 to 3 

2.5 « 3.5 

2.5 " 4 

3.5 “ 5 

3.5 “ 6 


*For stator winding or wound rotor motors only. 


The field of application or the characteristic of the type usually 
se ties or limits the main dimensions. The peripheral speed, 
emperature rise, flywheel effect, method of manufacturing, 
ventilation, available floor space, shipping weight, load factor, 

• power consumption and factory cost are some of the factors 
determining the choice of the diameter within small limits and 
sacrificing certain parts of the performance. In the analysis 

of a concrete case the above points should therefore be con- 
sidered carefully. 

Notation 

a = See equation (9). 

A - Ampere conductors per inch circumference. 
o = See equation ( 9 ). 

— Density in the iron behind the slot. 

= Maximum density in the air gap in kilogausses per 
sq. cm. 1 


B a 

B x 


Frequency in cycles per second. 
= See equation ( 9 ). 
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€ g 

I) 

E 


n : , 

hr. 

In. 

1 ^ 

h 


= Constant for zigzag leakage. 

“ “ slot « 

“ u u end-connection leakage. 

— Bore of stator punchings in inches. 

~ £• F. induced in stator winding. 

= Winding factor. 

= Pitch or chord factor. 

= Depth below slot. 

= Slot depth. 

= Full load current. 

= Wattless component of no-load current. 
Short-circuit or locked current. 



Ideal locked current. 


JI 

k : 

) 


t|2. 

n 

P, 

p 


in = 


I erict'iuage 




o 


v-w-xitiiL VctiUciLlOn. 


Air gap factor. 

= Eddy current factor. 

Core length in inches. 

= Mean length of conductor in inches. 

= Hrfective^core length in inches. 

Length of end connections. 

Number of phases in stator. 

: Rev. per min. 

.Terminal voltage per phase. 

Number of pairs of poles 

sSp"eh“ Sit5 ' " amP ' reS «>— **• 

Watts input at short-circuit. 

urns per phase of stator winding. 
Keaetance per phase. 

Average tooth width. 




Ratio of core length to pole pitch. 


cr = 


Efficiency. 

Slot constant. 

Leakage coefficient, see equation ( 7 ). 

Pok pitcht a fnches effidentS ~ See 6qUati ° n W- 

Plux per pole. 
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Discussion on “Choice of Rotor Diameter and Per- 
CTi POL ™ ASE Induction Motors. Chicago, 

E F. W. Alexanderson: Mr. Hoock’s paper is a valuable 

thaSfwm enabD e tb te H at ^ re ° f induction motors, not in the sense 
enable jSL fnlt the desi ? ne J s .t° produce better motors or even 
enable them to save time m doing so, but from the educational 

?? mt va } ue of M r. Hoock’s paper, to my mind is 

his method of dealing with the proportions. The problem for the 
designer is very much circumscribed by practical conditions 

Therefore 0 ^ Trdeft ln , com P. r0 ™! in g between those conditions.’ 

concentfon of tWH^t 0 / 0 mte l llgentl 7’ he must have a clear 
conception of _ the effect of any change m proportions and if he 

f s nr Ch physi< r al conception, it is not necessary to use any form- 
ula or curves; m fact he would not have time to do so ^If Mr 
Hoock had written the paper for parties who have an outside 
rest m induction motors, rather than designers he probablv 

Hnw* 3 ha +i? fomml ated bis theories somewhat differentlv 
However, there are a number of points that ought to be of general 

ratS'of^LnS ?e coefficient - according to his definition, is the 
ratio of magnetizing current to the ideal short-circuit current- 

“Mf tT I s r 5t imp ° r « t ! mt of a11 ProponioS oi iStS 
motors. I think the name of leakage coefficient ” although it 

becLSt a« s e »S eced “ c ^ i,, L itera f” e ' is 

pecause it does not convey to the mmd of the general engineer 

sl Wyl| S it°is stat?d C fh i f r!0rtailCe ™ hidl h is 3 " n tended to 
cW+ '• 1 V t S stat ® d Ibat, m a certain induction motor the 

current , 1S twenty times the magnetizing current 

fStof an? 6 n * CC ^ nt ^. ns com P let e information regardfng power 
, and ov er-loading capacity. More often the motor is 

th^nd?^ b J Saymg that tde short-circuit current is seven times 
the full-load current, and this information does not mean anS 
lung unless it is coupled with other information on magnetizing 
current or power factor. The ratio of short-circuit and mS 
izing current are inherent characteristics of the motor whereas 
the ratio of short-circuit current and full-load current ar’eTharac 

cSrating h I heK gn6r -’ + S met m u ° f giving the motor a “mmer- 
• -r; believe it would be of advantage if the practical 

gmficance of the so-called “ leakage coefficient ” that : s th e 

ratio of short-circuit to magnetizing current, were more generaUv 

£K5 the ^ PP T + ated V becaUSe makes * PossMe tfSsh 
powef facL^ote^Tf 00 aS - t0 a ^tor’s excellence £ 
figure 1 to d overload characteristics by stating only one 

beSig“ft?pape r ?s e f^ a State “”* 

It is fully demonstrated by tests that the DM- of standard 

pS&Sy V y - ;he temper “ ure bM by ** 



2160 INDUCTION MOTORS 3(j 

the H ?„£“ in f fSS. by «" investigations under 

1. Leakage coefficient. 

2 . Copper losses. 

3. Overload capacity. 

4. Iron losses. 

important limitatfonTtobe consfdered S th ® Se l re t . he on ly 
I do not agree with him in efof in c hoosmg the diameter, 
rise does not affect the Z> 2 /- and ^ 1 I ? ent that . the temperature 
motors this should influence the 1 o’ V ! m . a grea t “any 
much as the performance and flux de^t ° f ^ m ® nsions a t least as 
the effect of the diameter and le n o-th i? e cons idered 

of the most important con cj,Wo f ?P on w *iat I believe to be one 
is, thecost. Porexample^^most 25 1 cv 1 ] 0 ^ 01 "^ 011 ^ 11 ^ mo * ors >that 
tors we have no difficulty’whatever many 60 ~ c y cle mo- 

power factors, efficiencies and tmes £2^' high 

have to use a very great amn„nt J ’ Dut we ™ d that we would 
ture rise within the specified limite if' keep the tempera- 
to obtain just enough toroue Tn*v/ * the Same time we were 
design may involve the u” of 1 ” “ r “““*», moreover, such 
such a degree that, for 1 “ the S, f tor i *° 
the number and size of conductors * ’ We - Can lncreas e 

and use shallower slots, and thus ob£L Creasmg the flux )> 
smaller external diameter than with thVuf e ’ or P° ssi bly a 
ductors. As the heatina +T? W . . e larger number of con- 
tors is nearly entirely dependent “ a;|0nty of standard speed mo- 

that for a given temperature rise P °the°sf?' 1 ° SS b lt wdl be seen 
proportional to the number of Sect £ n ° f con ductor is 

heating, the weight ofLpper wffl be nnfV ^? nce ’ for tile 
the square of the numbe? of conductors T ^ 7 § roportiona l to 
flux motor has a large amount tfconne Tharefor e, the small 
great cost. In other words in manv ?t prohibi tively 

temperature'rise, cost and flux densitv Irfrt^ rd , s P e . e d motors, 
upon the dimensions of the motor and nnt ^ 6 bmitatlons placed 

diameter motor is more expendve thl . 111 general the large 
even though the active material in f ° f SmaU ^meter, 
This will be apparent when one cnnsiH wo 5 t ?°’ tors be the same, 
weight in mechanical parts such as th^t the F?. at increase in 
increase in labor with the’Seai of and shields > and the 
stator punchings. We canrint o-n T ex ^ ernal diameter of the 
the stator diameter (and increasing- th/f^ <!ST 7 er ’ ia decr easing 
point is passed, we-obtain a^acWnfH’ f ° r t fteracertain 
a great .increase in active material w ™!pf 1 ° sucb length that 
the desired performance and temnprci+ ^- e rec l m red to obtain 
. From the above it follows fiS ™ V nse - 

nSe a ” d C ° St Sre reIatel *» diameter 
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J tbat cannot neglect any one of these factors in de- 
nn75hl P ? e Proportions of motor. While it may be 
fo fS f^ re ? UC6 + t he rel . at \ ons of the m any quantities involved 
LhWnT 1 °f mathematical equations, the final expressions are 

Idmit of solutiom complicated that they would scarcely 

Jn proportioning the parts of squirrel cage induction motors 
is h 6 ^ eCt of . diameter upon the losses which it 

should not k° ? btai 7 starting for a given temperature rise, 

' thp t^nn^l + e l0S ^ Slg ^ R can quite easi1 ^ be shown that 
^mP erat ure rise of the conducting material in the rotor cir- 

tTtial aod P 4f dent m P T the ; v ftts per pound of conducting ma¬ 
terial and the specific heat of this material. This is based on the 

absotiiedT all th . e heat which is generated at starting is 
absorbed by the material m which it is generated. 

> 1S a so known that the starting torque, expressed in 
Z^° n T kll ° Wat ^ s ’ I s equal to the kilowatts lost in the rotor 
L»f£ Ce + t0 ° btam hlgh startin g torques and at the same 
1“ P A S tem P era ture rise within reasonable limits, it is 
rotor have a arg v a ? lount of conducting material in the 

ferial aS We are llnuted h y the specific heat of this ma- 

r-JHu- ? anaob P ut to ° mucl1 loss in the rotor bars, as this would 
ItL„ tem perature rise in the rotor circuit under oper- 

t conditions, thus causing undue temperature rise in the 

mnst^Af + u f gr - ea1 i, man J motors we must therefore place 
WtVV* 16 H SS •T' th f f nd nn S s - Assuming a definite specific 
bea and r “ lstl 7 lt y of tke material to be used in the end rings, 

of tin a- m n r ngS 7 an be in creased in proportion to the square 

of the diameter for the same loss per pound of material. 4 

course increase the loss in the end rings without 
+-u eatm ? at Parting by increasing the specific re- 
material used, which would increase the section 
and thus enable use of a smaller diameter. This, however, be- 
a V6r 7 7 enous ob i ec tion in many cases, as the end ring 
. . ea such huge proportions that the ventilation is seriously 

impaired. In this, as m nearly everything that the designing 

choice e of h tt S decide ’ he ™ ust rel y upon his judgment for thf 

choice of the diameter as affected by the loss in the rotor. 

S. Haar: Mr. Hoock prefixes to the curves of his paper a 
description of the circle diagram for determining characteristic 
V !“r a ? d i? f . J ea kage factor as a design constant, in the 
use of which he follows the general practise in Europe. Here 
in the United States, the analytical methods of design and calcu- 
lation a re still m use, which in my opinion are the only ones suit¬ 
able for the designer m commercial practise. Had Mr. Hoock 
poken from the point of view of a teacher or a lecturer before 
a mixed audience, it would be idle to take exception to his 
me ods because in such a case there would be no question of the 
results being used m a contract; however, the introductory 
paragraphs of the paper express the hope that the curves deduced 
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will be useful for the layout of a line of motors, and for this 
reason I wish to dissent from his methods. 

I have investigated every circle diagram which has come to 
my notice and have yet to find one which always gives reliable 
results. While the circle diagram is useful for approximating 
extended characteristic curves or for demonstration purposes, 
it must always remain an approximation because it is fundamen¬ 
tally wrong. The magnetizing current does not remain constant, 
and the locus of the end of the current vector is not a circle, as I 
proved by determining analytically the centers of circles drawn 
through successive groups of points. Short arcs of the locus may 
strongly resemble a circle, but neither the centers nor the radii 
of the successive circles remain constant. Since the determina¬ 
tion of part load power factors by the circle diagram is easier 
than by the analytical approximations, the lack of a thoroughly 
reliable circle diagram is regrettable. To my mind, one reason 
for the confidence in the circle diagram is its trial on motors with 
high power factor and efficiency; for such motors, almost all 
methods of approximating give good results. Unfortunately, 
however, some of the motors which are built have low power 
factor; here the rapid approximations fail so that just when re¬ 
liability is most needed, the accuracy of a circle diagram is most 
uncertain. 


Furthermore there is no saving of time in most cases. Four 
points or at most five will determine satisfactorily the charac¬ 
teristics of a motor between half load and 50 per cent overload. 
A fh e point curve can be calculated by a person of average skill 
w ith a slide rule within an hour, and an unusually rapid calcula¬ 
tor can reduce this time to about 40 minutes. In order to secure 
an accuracy comparable with the analytical method, a circle 
about 20 m m diameter is necessary and by the time the dia¬ 
gram is laid out to scale just as much time will be consumed. 
In the occasional case when the characteristics throughout the 
whole range of motor action are desired and exact values are not 
necessary, the circle diagram saves time 

The system of calculations of either Dr. Steinmetz or Professor 
Pender seems to give the same results; after a trial of both I 
hnd practically no difference in the time required. One great 
advantage of the Steinmetz method is that the whole calculation 
can be carried out with only a slide rule, while it is nece£ry To 
ha\ e tables of some of the factors employed in the Pender svs 

diffic, h* f ay be °l )] ’ ec ! :ed that the theory of these methodsbs 
Afficul of comprehension. This argument does not applyas 

obS i n tTco”S'S2 "S SOW have ”“ 

«hes»c^ 



is not at all the same bt iWWW , . predetermination 

the magnetizing current); u-hy the^a Lto P co„tatok,g1wo 
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independent variables when one will accomplish the same pur¬ 
pose? The leakage^ coefficient is no more constant than the 
leakage reactance; n it is necessary to calculate either one, the 
^assumptaons - are - U f ed ’ and if data from tests are at ha nd, 
the same readings m either case will give the necessary informa- 
t° n ' A desi S ner usin g the leakage coefficient would probably 
draw the diagram for the purpose of obtaining the maximum 
torque and maximum output of a motor; whereas by the use of 
very simple formula s involving the resistance and reactance, these 
charactenstics can be calculated in a few minutes 
Experience indicates that short cuts such as the curves pre- 
sented J? this paper will be of only moderate value to any one 
except the author because their aim (selection of motor dimen- 
s “^ m j et certain guarantees) is not the chief criterion by 
which the dimensions usually are decided, and furthermore be- 

fwT° °^ eSlgn 1S an art and not a science. By this I mean 
that the arbitrary assumptions, such as the spread of flux in the 

ga ^w e -!. etLSth T ° f , coil ends > et c., differ enough among designers 
so that it would be necessary for every one using the author’s 
methods to refigure the curves to suit his own particular practise, 
t usually happens that a motor must be developed from pat- 
terns and dies already existing; therefore the first approximation 
will be from the frame of something already built which would 
have the rating desired at the speed given. The next point, in 
my opinion, is to settle the maximum output. After this comes 
the choice of copper densities and finally the efficiency and 
power factor. It is my experience that a satisfactory design can 
be arrived at more quickly by this method than bv starting from 
tne . **• Ihis constant must be used with considerable dis- 

C ^l/ 10n, a i i should prefer to consider it only as a check on 
other methods. For determining the gap diameter, a good be- 
ginning can be made by choosing the number of slots per pole 
per phase and tooth pitch by judgment to conform to the guar¬ 
antees expected, and selecting the nearest practicable diameter. 

It is the exception rather than the rule, however, that motor 
builders are called, upon to meet definite guarantees, and it is 
probable that as time goes on, the custom will die out. In the 
early days of motor drive, when power plants were smaller and 
the cure for troubles from low power factor was not so generally 
known, high power factor was demanded, and the motors were 
relatively expensive. Nowadays, it is frequently more eco¬ 
nomical to use smaller motors of lower constants and adopt addi¬ 
tional means for obtaining a satisfactorily high power factor; 
m the future this tendency will probably increase. 

J. D. Nies. I believe that the following is a simpler method of 
determining the wattless magnetizing current th,an that used by 
Mr. Hoock. 

Let B ave be the average density in lines per sq. cm. in the gap, 

B = one P°* e 

ave area of one^pole 



I EDUCTION MOTORS 


Let A be the ampere-turns required to project this this densil 
across the air gap of A cm. depth, or 

7. HtlVf A 


this being the average value of the sinusoidal!v distribute, 
m.m.f. • uu ( 


Ihen the wattless nuignetisdng current 


per circuit r 


/= 1*16 


A 7 r 

n : sin 


in which 

N st > —slots per pole in the stator. 
n, — half the conductors per slot., or turns per . oil in v 
. in K« having as many coils as slots. 

A —pitch expressed as decimal fraction of full pitch. 

i i,'_ 71-2 

0 VF aSC<>nStSlnt US< ' <! fur etr«-f-iihast* motors. 


= = constant, used for two-phase motors). 

/reflective amperes per circuit, {„ u ring connected 
motor with two parallel circuits per phase / 
would be the eilective current in one circuit only 
, un<1 the star or line current would be / > •» i 7 ■/ 

inwoSr'iOtH e rr h< ' ,a i k< ’ n l !'. nni 1 in, ’ arl ' !i " Fleet He Motors, V ' 
Wh<m ‘ t*™"**™' '«** •*»-«he follow. 

Horse power. . 

S ,lts .500 

Cycles. r>() 

Poles. 

Stator slots. ISO 

Stator slots per pole. 15 j V I 

Air gap. „ ''' 

Turns Vereoil.... H”,*™- 

Pitch is full.. . . . hV/ 

Connection.' ' ‘ ' s(;u . ■ 

Circuits per phase." 1 

Area of 1 pole .’!«2.*> sq. cm. 

Calculation: 

Flux per pole 1,480,000 lines, 

„ _ 1,480,000 , 

ave ~ 025 =2,870 lines per sq. cm. 
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■ 2,370X0-15 

0.4 7 r 


ampere-turns. 


T— i 283 sin 6 deg. 

* ° 175X1 amperes effective star current. 

Hobart r6SUlt agreeS SXactly with the tested value as quoted by 

f -? bov ? + ™ et ^od follows the logical order for such calcula¬ 
tions, since it begins with finding the flux density, next the am- 
ne cessary to produce the density, and finally the am- 

Pi ?v gl J e - tiie am P er e-turns. Besides being extremely simple 
the method is exact under all conditions. 

Theodore Hoock: Mr. Fechheimer emphasized the im¬ 
portance of cost analysis in induction motor design. When I 
tried several years ago to combine the cost data with the ma chin e 
dimensions, I obtained such complicated formulas that they were 
evudentiy not fit for practical use. This was chiefly due to the 

’ W ^ Ch 1S usuall F a large percentage of the total 
, ^ ‘ A quite accurate estimate of the cost can easily 

be made by means of a set of curves showing the cost of the dif- 

l ^ . PartS m r , atl ° , of tbe outside and inside diameter of the 
punchmgs, core length, voltage, number of poles, type of wind¬ 
ing, number of slots, and so on. 

. Mr - Alexanderson’s remarks on the adaptabihty of the de¬ 
rived formulas, I refer to the statement in my paper. “ The 
enved formulas are not intended to supersede the detailed de- 
agnbut they should be used for the first layout.” 
c+ „j lie + : ? ia ™ , ob .i ect ™ P rese nting these investigations was to 
TWa r f at , 10n of different items of the performance, 

there are only two publications to my knowledge on the subject 
minimum leakage. Hobart* published curves showing a 
constant decrease of the leakage coefficient when the core length 
was made smaller (the influence of the end connection caused 
bis misleading conclusion), while Professor Arnold t derived 
the opposite result that is, an increased ratio of core length to 
pole pitch should decrease the leakage. We see however that 

^tions1nran?“<iS Um VaI “ S WMch be obtaiMd 

x ^ ia< ?, e ^he statement that the D 2 1 { of standard machines is 
not limited by the temperature rise. There are certainly ex¬ 
ceptions. A definite limit cannot be given on account of the 
influence of construction and ventilation. In case blowers are 
used to cool windings and cores, the temperature limits will sel- 
om be reached (at reasonable speeds), but the air gap density 
mil cause disturbance. Either the iron losses will effect the 
efficiency (open slots) or prohibitive magnetic noise may be the 
res ult. 1 mean the objectionable hum, howling or whistling of 

A- M. Hobart, St. Louis, 1904. A. I. E. E. Transactions. 
fE. Arnold. Weeks elstromtechnik. Vol. V.l.,p. 343. 
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machines which eliminates their application in hospitals, apart¬ 
ments, hotels or offices. 

We have at the present time no systematic investigations on 
this subject, neither on alternating-current or direct-current 
machines, and only cut and try methods in connection with ex¬ 
perience are available. The prediction of noise with certain slot 
combinations is very uncertain. There are many other sources 
for magnetic running or starting noise, as the amplitude of varia¬ 
tion of the air density, field form, rotor currents, unsymmetrical 
windings, loose punchings, weak yoke iron, mechanical and elec¬ 
trical resonance, etc. Fundamental research, work on magnetic 
noise should be w r ell worth while undertaking by advanced 
students. Any results on this subject will be appreciated highly 
by the designing engineer. 

Mr. Haar discussed at length a part of my paper, which 
is in no way connected with the main scope of it. The 


superiority of analytical over graphical methods for com¬ 
mercial work is open to discussion. The preference for either 
one is chiefly a question of personal taste. The circle diagram 
has proved a success. It might be interesting to note that ap¬ 
proximately 30 to 40 per cent of all induction motors built in 
the United States are designed or guaranteed on the basis of the 
circle diagram. I personally use either one or both methods 
whenever the problem demands it. The advantage in using 
the leakage coefficient or its reciprocal value is brought out in 
my paper and by Mr. Alexanderson. 

. accuracy the results obtained by the slide rule or circle 
diagram is practically the same. It is, furthermore, not justifiable 
to condemn a method because of its inaccuracy in a problem 
m which the first assumption cannot be predetermined or vary 
within 5 to 10 per cent. The argument that a calculator who is 
unacquainted with the theory can obtain correct results when 
umig the slide rule only is in my mind no proof in favor of the 
analytical, but for the graphical method. A number of lines 
can easily be drawn and its construction memorized, but the 
large number of equations have always to be looked up in order 
to avoid mistakes. On the other hand, I consider it a dangerous 

? r ^ edure t0 ta ^ e . calculated or graphically obtained results 
irom a person who is not acquainted with the theory. 

* he r . esults P a P er are based on correct scientific in- 

I doiwt see whv ^ desi & n ) is an - applied science 

ffiven ^ th! Q hy desi f ner could use the results in the table 

gn en m the Summary to great advantage 

Regarding the remarks of Professor Nies.'l can only say that 

that I avSd tW Sam ?- St ?- PS th f at he does with the exception 
rnnih d i th f “mphcation of two sine functions. Further¬ 
more, he neglects m the cited example the increase of the mZ 

Z ?1 Z k § these p° mts into consideration his method of 
calculating the magnetizing current is quite correct. 
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THE APPLICATION OP CURRENT TRANSFORMERS TO 
THREE-PHASE CIRCUITS 


BY J. R. CRAIGHEAD 


The performance of current transformers when their second¬ 
aries supply simple series loads, and the methods of test for 
determining the errors introduced by the transformer when used 
with known secondary connected loads, have been considered 
in previous papers. The secondaries of two or three current 
transformers whose primaries are supplied from the lines of a 
thiee-phase circuit, are, however, frequently interconnected 
to save room, simplify wiring, and diminish cost. In this case 
the equivalent load carried by the current transformer secondary 
can not be determined in the simple manner that applies to an 
ordinary series connection, since the devices used in a series 
circuit may constitute a very different equivalent load when used 
in an interconnected circuit. An understanding of the equiva¬ 
lent load carried by each transformer is necessary in order to 
determine suitable limits of load from results of tests made in 
the ordinary manner. The term “ equivalent load ” is here 
used to indicate the load carried by the secondary of a current 
transformer where this may differ from that obtained by com¬ 
bining in series the resistances and reactances of the devices 
used. 

In interconnecting secondary loads for current transformers, 
the load is placed in the form of a Y, the differences between 
the various interconnections arising from the various methods 
of connecting the transformer secondaries to the three load 
terminals. The difference between this load and the ordinary 
load connected in Y to power transformers is that the power 
circuit operates with practically constant voltage, while the 

2167 


2168 


CRAIGHEAD: CURRENT TRANSFORMERS [June 30 


current and the impedance of the devices connected change to¬ 
gether: while on the Y supplied by current transformers, the 
impedances of the devices remain constant., the current and 
voltage changing together. 

The following formulas serve to determine the delta voltages 
(voltages between external terminals) of a Y-oomieeted circuit, 
when the resistance, reactance and current flowing in each line 
are known. 

Referring to Fig. 1 , let A, B and C he any three V-connected 
loads for current transformers. Using the ordi’-'-ry nomen¬ 
clature, 

z a = r .i ~j -v..i 

= r,i -j xa 

zc-rc-jxc 

The currents flowing are I A , In, / ( -. ft eft represents the angle 
by which I B lags behind I A , and .V is the ratio of l„ to /., (r.m!s 
values of equivalent sine waves), 

I it — S I , i (cos ft ( j sin cj >) 

Then, since the circuit is a Y-connection, 

Ic— —I,\~ 7/j= — I,\ — S /,, (cos ft j j sin eft) 

The voltages from the three terminals to the common point, 
across each of the three loads, are 

c a — I a (r A -j x A ) 

e B=In i? it —j x B )-S / 4 (cos eft+j sin ft) (/„ j x „) 

c c =Ic ire-3 *c) = (--l a-S 1 4 (cos ft +./ sin ft) j ( r< . / <V( ,j 

= ~~Ia (1 +.V (cos ft +/ sin ft )) (>y jx r ) 

Ihe delta voltages across the supply terminals, entering A, B 
and C respectively, are 

Ei = e A —e B = I A (r A ~jx A ) —SI A (cos ftjj sin </>) (r„ j x H ) 

— Ia { r A~jx A —S (cos eft-\--j sin ft) (r ti - j j (1) 

E» = Ci)~e c =S 1 A (cos <ft+j sin eft) (r B -j x „) f I 4 {j | ,y ( ft 

+j sm ^)[ irc-jx^I 4 [A (cos ft+j sin eft, (r ir J x„) 

+ {1+6 (cos eft+j sin eft')} (r c ~j x c )\ (2 ; 
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'/.i ! I KV (cos <H s i sin $}} (fc-j x ( ?)- I A (r A 
-jx 0 /.i I! 1 f *V (eos<£ { j sin </>) | (r r -/^c) + (r 4 ->*,4)} 

(3) 

Secondary loads tor current transformers are expressed in 
t tsn is ot volt-am pores and power I actor at a standard current 
and tn*< jucncw 1 lie formulas given above arc stated in terms of 
/,t, and t he angle 


tan 1 "“binary component 
real component 

yjves the angle bet ween H u /is or tt n and l u The angle between 
and I t i may then be obtained by subtracting $* and that be- 


'** *) # ‘fat ?c> 


t., 


* f i 

]/! 

7 /, ?' 


'/> 

* 

* t \ * 

; 1 \ * 

/ \ V* 




lb«», I, V niiinivlc*! Council iutts and Utcurciieal diagram 


tween tin and I r by subtracting the angle between / r and /, tl 
obtainable in the same manner from the preceding equation for 
/<:* bhe eosines of these angles are the power factors of the 
eijuivalent see*milary loads. 

^The voll-ampcrcs supplied by a transformer are the product 
of the voltage across the secondary by Hit* current flowing in it* 
but this value must be reduced to standard conditions. If H 
is the voltage and / is the current * tin* volt-amperes at 5 am¬ 
peres (used as a standard in stating current transformer loads) 


ti IX 


or 


25 K 


In all balanced current conditions* the 


voltages supplied to different parts of the circuit may be com¬ 
pared instead of the volt-amperes, the current being merely 
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a common multiplier which may be neglected for convenience in 
comparison. In any Y-connected circuit where the conditions 
are known, the voltages may be obtained by substitution in 
formulas (1), (2) and (3). These formulas are based on the 
phase position of J 4 , and the angles obtained from (2) or (3) 
must be corrected by addition or subtraction of the angle be¬ 
tween I A and I B or I c in order to represent the phase angles of 
the voltages with respect to I B or I c - 

For any given case these formulas will give the three delta 
voltages on the loads. If two transformers only are used, 
two of these voltages are the secondary voltages at which the 
transformers operate. If three transformers are used, they are 
connected in Y, and divide the delta voltage into Y components, 
whose magnitude and phase position for each transformer is a 
function of the exact characteristics of the transformer as well 
as of those of the loads. In considering each particular case, 
the formula may be applied, or an approximate result as to 
possible maxima may readily be reached by an inspection 
of the load diagram. 

In using two current transformers on a three-phase circuit, 
they may be connected symmetrically, in two lines, as though 
one transformer -were omitted from a three-transformer Y- 
connection. This is called “ straight ” connection. Or the 
secondary of one transformer may be reversed; this is called 
cross connection, and is equivalent to an open delta con¬ 
nection of the secondaries. 

The following causes ordinarily produce negligible effects on 
the amounts and phase position of the equivalent loads on the 
current transformers, and will be omitted from the discussion: 

1. \ ariation of wave shape in the primary current. 

2. Differences between primary and secondary currents due to 
■the phase angle and inaccuracy of ratio of the transformer. 

The following causes may change the equivalent secondary 
oads earned by the transformer without any alteration of 
connections: 

lines Change “ the reIative counts of current in the primary 
2. Change in the phase angle between currents in the primary 


anation of load due to these causes (changes of 5 and 6 in 

6 a °N ormu ^ as ) must be accepted as unavoidable, and a 
reasonable margin should be allowed for their effect in planning 
an installation. & 
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The following causes control the amount of equivalent second¬ 
ary load carried by the current transformers, when conditions 
stated above do not vary, and are the real basis for selecting 
combinations which will operate properly on three-phase circuits: 

1. The amounts (volt-amperes or impedances) of the second¬ 
ary loads A, B and C. 

2. The power factor of each of these loads and the relation of 
these power factors to one another. 

3. The number and method of connection of the current trans¬ 
former secondaries. 

A short consideration will be given to each of the chief con¬ 
ditions arising from the above mentioned variations, referring 
more frequently to figures than to the formulas stated above. 



Fig. 2. —Three transformers. Fig. 3. —Two transformers 
Secondary connections straight-connected. Second¬ 

ary connections 

A. Two Transformers “ Straight ’’-Connected, Fig. 3 

1. Balanced conditions throughout; equal primary currents 
120 deg. apart, equal secondary loads A , B and C of the same 
power factor. (Fig. 5.) 

The voltage of transformer A will be e A — e c =—E z ^(r A 
-Jxa) I a (1 —0.5+7 0.866 + 1) =e A (1.5+j 0 . 866 ) = 1.73 e A 

tan -1 or 1.73 e A lagging behind e A 30 deg. 

The voltage on transformer B = e B — e c z = : Eo = I A (r A —j x A ) 
( — 0.5+y 0.866 + 1 — 0.5+7 0.866) ~e A (j 1.73) = 1.73 e A lagging 
90 deg. behind e A , or 1.73 e B leading e B by 30 deg. That is, the 
volt-amperes on each transformer are equal to 1.73 times the volt- 
amperes of load A y B or C; but the phase angle between voltage 
and current is changed 30 deg. in the lagging direction on trans¬ 
former Ay and in the leading direction on transformer B. Evi¬ 
dently for power factor of secondary loads A, B and C varying 
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m unity to zero, the power factor of the equivalent load on 
nsformer -4 will vary from 0.866 leading to 0.5 lagging; while 
1 transformer B it will vary from 0.866 lagging to a negative 
• ’'vaich must be considered as meaning that the input to the 
nsformer is really on the secondary side. 


£ ’ (£) : ® 



an 4 i"® < ^ e 2 - apart. Loads A, B 
factor 6qUa and ° f the Same power 

Equal primary currents, 120 deg. apart, secondary loads 
mg in amount and power factor. (Pig S 6 and 7 8 Q in 

*,tT ° f ■““* AoS a v“ y ,ow 

. ■ gh take, while the power factors of A, B and C remain 


Is 

: / / 


^ w ° transformers, 
gilt-connected. Primary 
snts equal and 120 deg. 
^ads A and B equal 
4 C! ess than A or B ,and 
r > grater than A or B 



^straiVVu ^ w ° , transformers, 
straight-connected. Primarv 

aoart nt | eq ^ Md ^0 deg y 

apart. Secondary loads equal, 
an d non-inductive. 


From the formula, when r c ~j Xr = 0 p _ 
t A ' whw * means that the circuit U JLn °\ Es ~ eB and 

s, electrically in contact at on ^ ■ really two separate 

“ (Proportionallv, soW thaH ^ WW ‘-t*c 
and " and ™V be neg- 
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That is, if load C is diminished or A and B are increased the 
loads on the two transformers approach the amount and power 
factor of load A and load B respectively; if load C is increased 
(or A and B are diminished) the loads on the two transformers 
approach the value of C, and the angle corresponding to the 
power factor of the equivalent secondary load approaches the 
value 60 deg. + # c for transformer B and 60 deg. — 6 C for trans¬ 
former A , where d c is the angle by which I c lags behind e c . 
Figs. 7, 8 and 9 show the effect of variation of power factor of 
load C, loads A and B remaining non-inductive. Fig. 7 shows 
power factor of C=l, Fig. 8, 0.5, Fig. 9, 0.1. Fig. 8 evidently 
represents the maximum equivalent load which can be caused 


Ib 



Fig. 8. — Two transformers, 
straight-connected. Primary 
currents equal and 120 deg. 
apart. Secondary loads equal, 
loads A and B non-inductive, 
load C 0.5 power factor 



Fig. 9. — Two transformers, 
straight-connected. Primary 
currents equal and 120 deg. 
apart. Secondary loads equal; 
loads A and B non-inductive, 
load C 0.1 power factor 


by change of power factor, which is the arithmetical sum of the 
volt-amperes of A and C occurring where 0 C — 0 A = 60 deg. In 
Fig. 9, passing lower than 0.5 power factor, when 6 C —6 A is 
greater than 60 deg., the voltage developed on both transformers 
decreases. The tendency with lagging power factors in load C 
is to increase the equivalent load on the transformer A which is 
connected in the leading phase, and to diminish the equivalent 
load on transformer B which is connected in the lagging phase. 

Low power factor in loads A and B combined with high power 
factor in C produces similar conditions, but here the maximum 
voltage is on transformer B (in the lagging phase) instead of A } 
(in the leading phase). See Fig. 10, which shows a combination 
where E 2 is near the maximum limit. 
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3. Primary currents varying in amount and power factor. 
To avoid complication in the diagram, the secondary im¬ 
pedances are shown equal and of the same power factor. Fig. 11 
shows effect of diminishing Iq and Fig. 12 the effect of increasing 
Ic- The limit in one direction is reached when I c becomes zero, 
in which case the two transformers are working on a single¬ 
phase circuit, carrying load A and B respectively; that is, by 
formula, E 2 = e B and — E 3 = e A : and in the other direction when 
the angle between I A and I B diminishes toward zero, when (if 
the power factors of A, B and C are alike), transformer A carries 
the arithmetical sum of e A and e c , while transformer B carries 
the arithmetical sum of e B and e c . 

\\ hen the currents in the two transformers are unequal, 



volt-amperes = 5 E 2 

For transformer A, 


volt-amperes = I A XE 3 X-^~ or - 25 E * 

Ia 2 Ia 
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substituting actual values in (2) and (3), if I A = 0.5 amperes 
and Ib — 5 amperes (5=10), r A =r B — r c = l, x A =x&=xc = 0, and 
<p = 120 deg., Ei = 0.5 [10 (- 0.5+7 0.866)+1 +10 (- 0.5 +7 0.866) ] 
= 9.76 volts. Volt-amperes on transformer 5 = 9.76X5 = 48.80 
volt-amperes. - E 3 = 0.5 (1+10 (- 0 . 5 + 70 . 866 ) + !) = 4.58 volts. 


Volt-amperes on transformer A = 229 volt-amperes. 

This calculation represents a very extreme case of unbalancing. 
The loads C and B are almost entirely carried by transformer B 
with full current, while the volt-ampere load on transformer + is 
more than four times as great as that on transformer B. It 
should be noted, however, that the 
current on this transformer is a 
very small part of the total amount 
flowing, and therefore the actual 
error caused by the overload is 
small. 




Fig. 12. —Two transformers, straight- Fig. 13. —Two transformers, 
connected. Equal primary currents straight - connected. Un¬ 
in the two transformers. Larger cur- equal primary currents in 

rent in the line without transformer. the two transformers. Sec- 

Secondary loads equal and of the ondary loads equal and of 

same power factor the same power factor 


To summarize equivalent loading on the straight connection: 

1 . Under completely balanced conditions, the load on each 
transformer is 1.73 times one of the three equal loads, and the 
power factors of effective secondary loads are altered by a shift 
of 30 deg. in the corresponding angle, lagging for one, leading 
for the other. 

2 . With balanced primary conditions, variations of amount 
and power factor in the secondary connected loads produce dif¬ 
ferent distributions of load between the two transformers, the 
maximum load on either transformer not exceeding the arith¬ 
metical sum of its load and the load in the secondary line with¬ 
out transformer, and the increase of load on one transformer due 






2 2 76 


CRAIGHEAD: CURRENT TRANSFORMERS [June 30 


to variation of power factor being in general accompanied by 
a decrease in the load on the other. 

3. TV here primary conditions become unbalanced, the tendency 
is to increase the volt-ampere load on both transformers, es¬ 
pecially that carrying the smaller current. 


B. Cross Connection, Two Transformers 


1 . Balanced primary currents, 120 deg. apart, equal secondary 
loads of the same power factor. (Fig. 4 and 14). 

Since the transformer B has its secondary reversed, the current 
I B is 180 deg. from its previous position. The current I c is the 
resultant of two currents 60 deg. apart instead of 120 deg. and 
is not proportional to the current in any single primary line. 
From formula ( 2 ), 

£2 = I a (r a —j %a) { 1+2 (cos — 60 deg. +j sin — 60 deg.)} 

~ @ ^3) = e A V 7 leading e A about 41 deg. 

or lagging I B about 19 deg. 

From formula ( 3 ), 


= 1 a v a — j x a ) ( 2.1 


• j 


19 deg. 

The voltages — Ez and Eo carried by the 
transformers are each removed only about 
19 deg. from e A and e B instead of 30 deg., 
as in the straight connection, and their 
values are considerably greater than in the 
straight connection with the same loads, 
because of the greater I c and the smaller 
angle between — e c and or e B . 

2 . Balanced primary currents, 120 deg 
apart. Secondary loads varying in amount 
and power factor. 

It is evident from an examination of 
big- 14, that the maximum voltage on 
either transformer due to changes in the 
relative size of the load cannot exceed the 

rW h r etlCal S T ° f ec and ^ or e *- A lso, 

T 4 because of the smaller angle between . jvwwcjl icicbor 
a an I Bi the phase displacements of E a-nA & ^ 
fering power factors in A B and C will h * d E3 du ® t0 the dif ‘ 
straight connection If ’load C ic a 6 2 genera l l ess than on a 

same condition as on thest^ghf!+ W W the 

me straight connection; that is, two 



Pig. 14.—Two trans- 
formers cross-con¬ 
nected. Equal pri¬ 
mary currents, 120 
deg. apart. Secon¬ 
dary loads equal 
and of the same 
power factor 
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separate circuits which are in electrical contact at only one point. 

3. Primary currents varying in amount and power factor. 

Variations in equivalent load and power factor of load caused 
by this will be of the general nature of those with the “ straight ” 
connection, but will be somewhat less because of the smaller 
angle between I^ and I g. There is the same tendency for the 
transformer carrying the smaller current to operate against a 
comparatively heavy volt-ampere load. 

Summary of Cross-Connection. This method gives a true 
secondary representation of only two of the three primary cur¬ 
rents; the total load carried by the transformer is greater than 
where the same apparatus is used with the straight connection. 
The effective loads, however, are somewhat less influenced by 
changes in primary current or differences of power factor of the 
secondary connected loads than the “ straight ” connection. 

C. Three Transformers with Secondaries Y-Connected 

The voltages carried are those shown in the " straight ” 
connection, with the third voltage which completes the voltage 
triangle. The transformers, however, are Y-connected, and the 
division of voltage among them is dependent on the charac¬ 
teristics of the individual transformers and the conditions in the 
primary lines. For this reason the exact voltage for each trans¬ 
former in an actual case is difficult to calculate even with full 
knowledge of the characteristics of the transformers. In practi¬ 
cally every case, the mean equivalent loads on a two-transformer 
straight connection are diminished by the insertion of a third 
tiansformer to complete the Y. If the common point of the 
three loads is connected to the common point of the three 
transformer secondaries by a lead of negligible impedance, the 
connection becomes simply three independent circuits which 
are electrically in contact at one point only. 

The following methods have been in use for some time for 
approximation of the volt-ampere loads on interconnected cir¬ 
cuits. They are based on the formulas for balanced conditions 
of primary current and for secondary loads of the same power 
factor. They are sufficiently accurate to use as a check to prevent 
the overloading of transformers. 

A. Two Transformers with Secondaries “ Straight ”- 

Connected 

This is best divided under three headings, according to the 
ratio of total volt-amperes on the secondary line having no cur- 
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re.-.: transformer to the total volt-amperes in the line directly 
connected to the secondary of the transformer considered. 

a. Where the ratio is greater than 3.2. Total volt-amperes 
or. the transformer under consideration equals the sum of volt- 
amperes directly connected to its secondary and volt-amperes 
in secondary line without transformer. 

b. Where the ratio is less than 3.2 and greater than 0 . 4 . Total 
volt-amperes on the transformer under consideration equals the 
sum of volt-amperes in the line directly connected to its second¬ 
ary and 0.75 times the volt-amperes in the secondary line with¬ 
out transformer. 

<r. Where this ratio is less than 0.4. Total volt-amperes on 
transformer under consideration equals the sum of volt-amperes 
in the line directly connected to its secondary and 0.5 times 
the volt-amperes in the secondary line without transformer. 


B. Two Transformers, with Secondaries “ Cross 
Connected 

iiU \ t0tai voIt " am P eres on each transformer equals the sum of 
tne volt-amperes m the two lines directly connected to the two 
secondaries and three times the volt-amperes in the secondary 
line without transformer, the whole divided by two. 


C. Three Transformers, with Secondaries Y-Connected 
Total volt-amperes on each transformer equals the sum of the 
wo,.-amperes of the three secondary loads, divided by three 




of Current ° f mterconnectlon of secondary circuits 

- -urrent transformers are used because of advantage in cost 
space occupied, simplicity and convenience. g ’ 

cam-ZllSZ interc ° nnections vaults in the transformers 
° tqunalent secondary loads which differ decidedly from 
-hose resulting from the use of the same devices w^h a D lZ 
taenes secondary connection. The power factor of th* Aft P +- 

"SStS eq lea r g ~ ^ 

factors of tCZS? SeC ° ndary ^ due t0 the P ower 
one another- tha+ is wh d ® have a general tendency to offset 

load is changed in ke leading ^ 

loadTsZ- 

15 USUally diminished. Therefore, these varia- 
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tions may be neglected in making approximate estimates of 
volt-ampere loads. A method of making estimates based on the 
assumption that the power factors of the three secondary loads 
are alike will give results accurate enough to prevent over¬ 
loading. 

Unbalancing of primary currents has a general tendency to 
increase loads on interconnected current transformers, and where 
the circuit is known to be unbalanced to an unusual degree, in¬ 
terconnections should be avoided or the loads connected to the 
secondaries should be kept considerably below the amounts 
allowable under balanced conditions. 

All load estimates made in the approximate way given are of 
value chiefly as mean results for the combination, and not as 
definite limits for the equivalent load on each transformer. 

The exact volt-amperes and power factor of the equivalent 
loads of a two-transformer combination may be obtained if re 
quired from formulas (1), (2) and (3). The results for a three- 
transformer combination cannot be exactly calculated from the 
volt-amperes and power factor of the separate loads, because 
the characteristics of the transformers themselves affect the di¬ 
vision of the load among them. This circuit may be changed by 
the addition of a common return lead to three simple series cir¬ 
cuits, whose volt-amperes and power factor are easily obtainable. 
This is the better connection except where the load in one line is 
an overload for one transformer, when the interconnected com¬ 
bination divides the load in such a way as to relieve the over¬ 
loaded transformer. 




A paper presented at the 28 th Annual Conven¬ 
tion of the American Institute of Electrical Engi¬ 
neers, Chicago , 111., June 30, 1911. 
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COST OF TRANSFORMER LOSSES 


BY E. C. STONE AND R. W. ATKINSON 


The following paper is an investigation of the losses produced 
in a system by the distributing transformers, with a view to 
determining the cost to the central station of supplying these 
losses. The cost of the losses occurring in a transformer is of 
the same order of magnitude as the cost of the transformer itself 
and should, therefore, receive the same amount of considera¬ 
tion. If a transformer had a perfect magnetic (iron) circuit 
and a perfect electric (copper) circuit, no losses would be pro¬ 
duced if it were placed on a system. Hence the losses which do 
actually occur come into two general divisions, viz .: (1) losses 
due to imperfect iron, and (2) losses due- to imperfect copper. 

The expense involved may be divided as follows: 

1. Elements due to imperfect iron. 

(a) Iron loss, involving: 

{A) Consumption of energy in transformer. 

(B) Station and line capacity to take care of such energy. 

(b) Magnetizing current, involving: 

{A) Copper loss in generator and line. 

( B) Generator and line capacity to take care of this 
magnetizing current. 

2. Elements due to imperfect copper. 

(а) Copper loss, involving: 

(^4) Consumption of energy in transformer. 

{B) Station and line capacity to take care of such energy. 

(б) Fluctuating secondary voltage, causing shortening of life of 
lamps, and perhaps dissatisfaction to consumers. 

A great many factors enter into the problem, the value of 
which can be determined only roughly, hence the absolute result 
can be only approximate. However, the approximations are of 
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such a nature as to permit of sufficiently accurate selection of the 
most economical transformer for a given service, from a group 
oi transformers having different performances. 

Furthermore, the effect of the losses upon the active material 
in a transformer will be taken up in a general way, merely to 
give an idea as to the limitation of the designer with respect to 
the variation of these losses. Transformers are designed and 
will be designed and sold to meet the demand, regardless of the 
cause of the demand. . If the operating man specifies a given 
performance, he will get bids on that performance, though 
perhaps at prohibitive prices. If he is prepared to accept dif¬ 
ferent performances, knowing exactly what is their relative 
worth to him, he is in a position to obtain that which will ensure 
him the greatest ultimate economy, and is able to compare the 
values^ of transformers from different manufacturers, different 
t v pes from one manufacturer and, of not the least importance, 
different sizes of one type. 

It will be assumed in this discussion that all the elements of 
cost of power supplied to a customer are known, the commercial 
problems of rate-making being, of course, entirely eliminated. 

Only the special problems of the cost of the losses will be con- 
sidered. 

The cost of power is ordinarily divided into three parts: 

1. Output charge, consisting of all elements of cost propor- 
tional to kilowatt-hour output. 

D 0 rtion 5 a t?^°Ti apital Charge ’ consistin g of all elements pro- 
portionai to the kilowatt capacity of the station 

o^Tnd tpS,r iStine ° £ 3,1 dem “ tS " depend “ t ° f b ° th 

ch™e - VIS'S P f‘ ° f whid > is called the " customer 
r e , is not affected by transformer losses and reouir-s no 
further consrderation. The cost of the losses is, JS VL n 

SetrSIoVr'VS W'" ^ *“? as the XS 
in its effect on the copper loss'oTW'f b ' mentioned ’ 
problems introduced £ J ec f of X V ^ 

“ „th the iron ioss XX 

The cost of the iron loss of fpA +eo..n^ ... . 

^ l he 

transmitting the energy consnmed by ^“Son 
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to the transformer. Iron loss introduces certain peculiar con- 
ditions due to the fact that it requires a continuous supply of 
energy at a power factor very much lower than that of any other 
part of the load. The power factor of transformer exciting 
current varies from 10 to 40 per cent. This means that engine 
and generator capacity much larger than the total iron loss must 
be kept in service all the time. Energy at 30 per cent power 
factor requires twice as much generator capacity as energy at 
70 per cent power factor and three times as much as at 100 per 
cent power factor. .With full kilovolt-ampere load at such low 
power factor, the losses in the generator become, of course, a 
much larger part of the energy output. Suppose that dtiring the 
day, one engine and generator carrying full kilovolt-ampere load 
and having 15 per cent engine friction and generator losses, takes 
care, at times of light load, of transformer exciting current having 
a power factor of 20 per cent. At full kilovolt-ampere load, the 
energy generated is 20 per cent, and the loss 15 per cent. Hence 
the loss which the exciting current produces in the generator 
and engine is in this case 15/20 or 75 per cent of the iron loss 
itself. If the power factor of the exciting current had been 
100 per cent, the generator would have taken care of four times 
the energy and the loss would have been only 15 per cent instead 
of 75 per cent. Likewise, the loss in the line due to the large 
wattless current becomes a larger percentage of the power. 

Furthermore, the greater the exciting current, that is, the 
lower the power factor for a given iron loss, the greater is the 
total current at the peak of the load, and hence the greater must 
be the station and line capacity to take care of the peak. It 
should be distinctly understood that low power factor of ex¬ 
citing current is not in itself objectionable. For example, sup¬ 
pose that with a constant value of exciting current, the iron loss 
is reduced. It is evident that the improvement of the trans¬ 
former has resulted in a lower power factor. It is important, 
when considering magnetizing current, if the power factor be 
considered, that it be considered only in connection with the 
core loss. It is ordinarily much simpler and more precise to 
make no mention of power factor, but only of magnetizing volt- 
amperes. 

The copper lossesin station and line produced by the exciting 
current are, of course, continuous but they are not constant, for 
they depend on the magnitude, power factor and wave form of 
the exciting current, and upon the magnitude and power factor 
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of the load. The increase of copper loss caused by the funda¬ 
mental component of the exciting current depends upon the 
magnitude of the line current. That part of the exciting cur¬ 
rent made up of harmonics produces a constant copper loss 
regardless of the amount of line current. See Fig 1. 

Since magnetizing current increases the line current, and con¬ 
tinues all day, and therefore at the peak, it necessitates an in¬ 
crease in line and station capacity to take care of it. At the 
station, the increase of capacity will be only in tin- electrical 
end, since obviously, wattless current does not affect emdncs 
and boilers. 



Wc must next consider copper loss. Several new elements 
enter here, such as duration of load, relation between station 

•SSJtfaT' tr “" st " n,,,T hiwi <* 

A transform,,,' is kwfcd ,mly part „t thr ti,„,. „,,,.. 

lot., is not continuous, so that a kilowatl-yoar of ooppor loss 
o,»t s lass than a Idlowatt-your ot i„„, l„ ss , w hirh is oonl.hmons'. 

r,t n! ‘ “ T 1 ' ° " r '1 ll "“* 

tions llT| 7 f " r sh,,rt I"™'*- For ralrula- 

trons l load par day shoal,I Ik, minus) to an ,spur air,n 

. 
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Since not all transformers art* on lull load at the same time, 
it will require somewhat less Ilian a kilowatt of station capacity 
to take ran* of a kilowatt of peak load transformer copper loss, 
I lie laiio \ a lies with the nature of the load and also with the 
number of separate installations on each transformer. If there 
wen* only one installation per transformer, it would be the same 
as the so called M diversity factor.” As the number of customers 
on a duple unit is increased, the peaks tend more and more to 
oeem at different times and the ratio of station capacity to 
connected transformer rapacity increases. The opposite ex- 
fierne to one installation per transformer would be where there 
would be only one* transformer on the* system, in which ease 
station and transformer capacity would be equal. It may be 
assumed that 


rated station rapacity required peak station rapacity 
rated t ran*.former copper loss connected transformer rapacity 

both transformer copper loss and rapacity being based on full 
load rating, 1 he annual charge against cupper loss will, there* 
fore, be the capital charge, as previously explained, multiplied 
by this ratio. 

Transformer regulation cannot be* considered entirely apart, 
from the reputation of the secondary network. The following 
peneral discussion applies whether the repula lion considered 
is entirely or in part due to the transformer, 

The variation of volt ape due to regulation causes irrepularity 
in the amount of light and may In* a cause of flicker ”, hence 
must lie kej.it within reasonable limits in order to satisfy the 
customer. If the reputation should become preat enouph to 
cause noticeable Hueiuutious in the light, it mipltf outweigh all 
other considerations in importance. 

The Hteet of the introduction of tunpsten lamps may be 
noted. A pi veil ehaupe of voltape, with tunpsten lamps, causes 
less than twa♦-thirds the ehaupe in candle power that would be 
produced in carbon lamp?,, so that the tunpsten lamp will stand 
nmre than aO per cent, preater regulation without causinp greater 
chanpe in candle power or more unsatisfactory service. It is a 
peculiarity of tunpsten lamps, moreover, that they do not 
chanpe in quality of light as does the carbon lamp when voltape 
is lowered, lienee it is quite probable that a considerably preater 
repula lion than above indicated would be permissible on tung* 
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sten lamps without causing dissatisfaction. A common standard 
on direct-current circuits is a maximum of 2 per cent regulation 
for carbon lamps. The same standard of service could be met 
with tungsten lamps on 3 per cent or possibly higher regulation. 
Ordinarily the standard is lower on alternating-current circuits, 
and the allowable regulation would be increased as before for 
tungsten lamps. This question of customer's satisfaction is an 
exceedingly important one, and in those cases where regulation 
causes or may cause a noticeable flicker, it cannot be ignored. 

If an incandescent lamp is operated on a fluctuating voltage, 
the cost of a given amount of light will be greater than if it is 



Fig. 2. Cost curves for carbon lamps 

(a) Cost of energy 

(b) Cost of renewals 

( c ) Total cost 


operated on a constant voltage having the same value as the 
mean of the fluctuating voltage. That is, the life of the lamp is 

increaT d “ T * ^ C ° St ° f renewals becomes greater, and this 
increase m cost vanes as the square of the regulation. Two per 

about r fl “ a “ 0n ™ ltaE ' <2 P “ “ nt Ration) will produce 

or about oTu,“ TT” “ “ St ° £ re " ewals o£ c " b “ 1™PS 
reTlatSnl P , f T lam P s - "-hen the 

pansoa i brt ' “ ° f importance in com- 

panson with the copper loss of the transformer. A more com- 

Plete 4seuss.cn of this subject appears in the append <s” 
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It has been said that regulation reduces the voltage upon 
the load, and therefore, causes a direct loss of revenue by reducing 
the power sold. Under ordinary commercial operation, regula¬ 
tion causes not a lower voltage, but a fluctuating voltage. There 
is some voltage which the central station operator desires to 
maintain at the customer’s outlet. If it is possible to maintain 
this as a constant voltage, provided there is no transformer regu¬ 
lation, then it is obviously just as possible to maintain it as a 
mean voltage when there is transformer regulation. To make 
the most desirable voltage the mean rather than the maximum 

which is attained only at no-load—is evidently the more 
economical arrangement. Is it the custom of progressive central 
stations to regulate their systems so that the really desirable 
voltage is reached only when there is no load connected? If 
the mean voltage with transformer regulation is maintained at 
the same value as the constant voltage without regulation, the 
power delivered to customers must be the same in both cases, 
hence there can be no loss of revenue (power sold) due to regula¬ 
tion. 

The losses and their effect on the amount of active material 
required are interesting. Suppose, as an illustration, the voltage 
of a transformer to be changed, while the kilovolt-ampere out¬ 
put is kept constant . The copper loss will then vary inversely as 
2 

the (iron loss)® , where a is the exponent of the iron loss curve, 
and is about 1.9 in modern distributing transformers. This 
means that by increasing the iron loss one per cent, the copper 

loss is reduced in the ratio y—^ or 1.05 per cent. For example, 

if the copper loss is twice as great as the iron loss, to reduce 
the iron loss one watt will increase the copper loss approxi¬ 
mately two watts. 

In modern transformers, however, the limits of the active 
materials are such that to change materially the ratio of the 
losses would require distortion of the design, so that with a given 
amount of material, to reduce greatly either loss at normal rating 
would require a much larger increase in the other loss than 
indicated above. The most efficient shape does not depend upon 
the ratio of losses except when it must be distorted for the above 
reasons. In transformers of different voltage ratings and sizes, 
the relative dimensions, unless distorted as explained above, vary 
only with space occupied by insulation and relative price of 
copper and iron. 
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With the quality of iron-at present used in distributing trans¬ 
formers, to decrease the copper loss L per cent, requires about 
l.ti per cent increase in the active material; to decrease the iron 
loss one per cent requires 1.7 per cent increase; and thus to 
decrease both losses one per cent requires about .'id! per cent; 
inciease in the cost of the uctive material. 

The above relations are true only when the relative space 
available for copper is constant, that is, the space-factor is 
constant. Since the space-factor is improved by increasing the 
size, neither the additional material required to decrease' the 
losses nor the reduction of material attained by increasing the 
losses, is always as {treat as would appear from the above state¬ 
ments, more especially in the small sizes. At. all outputs, the 
question of density comes in, if the size is to be reduced,'and 
makes it possible to go only a very short distance in that direc¬ 
tion. There is no limit except, cost to the reduction of losses. 

It will be of interest to show why the loss and amount, of ma¬ 
terial per kilowatt are less for large capacity. Suppose each 
dimension of a given transformer he multiplied by two. The 
amount ol material will then be multiplied by 2 - 2 • 2 or 8 
If the turns, flux density and current density are kept constant, 
the losses are also multiplied by 8. Thu cross-section of copper 
and iron will each be multiplied by 2X2 or 4; hence the current ami 
voltage will each be multiplied by 4, and the output, bv 1I „ r Hi. 
hrom these relations, it will be seen that both the loss per kilo¬ 
watt. (per cent loss) and active material per kilowatt have been 
dwHicd by 2. In many eases, the gain is much greater t ban t his, 
erne to the improved space-fn.o{.or in the Im^pr ;azr;;, 

Jhc problem to he considered in selecting a transformer for 
a given service is two-fold: 

1. I he transformer should be operated with the ratio of 

copper to iron loss such that the total cost of the loss is a mini- 
mum. 

2. The total cost, taking into consideration the fust, cost of 
transformer and the cost of the losses, should be a minimum. 

I he operator has a certain degree of freedom, inasmuch as 
there are standard lines of transformers on the market, having 
different rated primary voltages, for example, 2200 and 2100 volts! 
He also has a certain degree of freedom as regards the size of the 
transformer. First the transformer must be large enough 
to cany its load without overheating. Next, if must come 
as near as possible to satisfying the minimum cost conditions 
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given above. The effect of the ratio of losses can best be seen, 
as mentioned before, by maintaining the kilowatt load on a 
given transformer constant, and varying the voltage and current. 
In this way, any desired ratio of losses may be obtained, ac¬ 
cording to the relations given above. The curve thus ob¬ 
tained is shown in Fig. 3. As the ratio of losses increases, 
the copper loss increases much faster than the iron loss de¬ 
creases, hence the ultimate temperature rise must increase also, 
but since the transformer with larger ratio is required only for a 
load of short duration, the maximum rise in that case may not 
be excessive. Fig. 4 shows the cost of losses for a typical case 



Fig. 3. 2200/220 volts 60 cycle 5 kv-a. transformer. Output constant. 

Voltage varies 

(а) Copper loss and regulation 

(б) Iron loss 


under the conditions when ratio of copper loss to iron loss is 
varied from 1 to 4.6. The lower curve is cost of iron loss and 
copper loss alone. 

The upper curve, Fig. 4, includes the effect of magnetizing 
current and loss due to regulation, thus giving the total cost 
of all losses caused by the transformer. It will be seen that here 
the minimum total loss occurs at a larger ratio of copper to iron 
loss and that the increase in cost is greater as we depart from 
the best ratio. This is caused by the high exponent of the satura¬ 
tion curve of the iron which causes the magnetizing current to 
increase much faster than the iron loss. 
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The total cost of a transformer performing a given service 
depends upon the amount which must be paid for the losses 
during the life of the transformer and upon the price paid for 
the transformer itself. The smaller the transformer, the greater 
the cost of the losses and the less the price paid for the trans¬ 
former and vice versa. In considering, losses and price paid for 
transformer together, the losses may be most conveniently 
represented as a capital cost by dividing their annual cost by the 
interest and depreciation factor. The result will be the 
amount which would be required at the time of installation of 
the transformer to pay for the losses during the whole life of the 



(fl) Cost of iron, and copper loss 

(« Cost of all losses including magnetizing current and regulation 


transformer, and may be added directly to the first cost in order 
to determine the total cost of transformer and losses. 

For determining the proper capacity of transformer to be 
used, the use of recording ammeters in the secondary circuits 
of transformers is well worth while, because of the large saving 
effected by adaptation of the transformer to its load, which is thus 
mad e possible. In general, it will be found that transformers 
will operate most successfully—losses and first cost considered— 
when run at their limiting temperature rise. This mil mean a 
smaL transformer at overload for short-hour load, hence a high 
ratio of copper to iron loss and small first cost-these being 
conditions demanded by loads of short duration. The im- 
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portance of using a transformer of proper capacity for a given 
load is emphasized. The reduction in cost of losses gained by 
using a transformer which is too large is not nearly so great as is 
the increase in first cost. 

It may seem from some of the foregoing that the designer is 
free to vary at will the losses of the transformer, decreasing one 
at the expense of the other or at the expense of the active 
material, according to the curves given. This would be 
approximately true if one were considering the initial design of 
a standard line of transformers. In this case, the theoretical 
efficiency of design may be reached, since it is possible to 
gain full benefit of all such items as special sizes of copper strap, 
punchings, etc. Otherwise, there would be waste space which is, 
of course, expensive. In the case of special transformers made 
in smaller quantities, these items and also the increased propor¬ 
tion of such items as time of engineers, foremen, and inspectors, 
cause such an increase in cost that it is not possible actually to 
reach the theoretical curve shown. The true practical condi¬ 
tion would be represented by a curve of the form of the dotted 
one in Fig. 4. The theoretical efficiency will, in general, be 
reached only on the “ standard lines In the case of “ specials” 
the departure wall be more or less great, depending upon par¬ 
ticular conditions. Hence, while general laws may readily be 
stated as regards the cost of losses from the standpoint of design, 
yet it cannot be said that any particular desired performance can 
be obtained in accordance with these curves. 

The method of selecting transformers used by the Government 
seems the most logical. A certain performance is specified, 
and it is also stated that in comparing transformers of dif¬ 
ferent performances, the iron loss will be evaluated at 88 cents 
per watt and copper loss at 11 cents per watt. (See Bureau 
of Standards Bulletin “ Specifications for Distributing Trans¬ 
formers. ) It would seem quite practical for any purchaser 
to evaluate the losses similarly, using figures corresponding to 
Us own conditions. Were there a general definite idea of the 
cost of the losses, the standard design would soon be such as to 
give the minimum total cost of losses and of transformers 


Summary 

We have shown (1)'a general method of determining the cost 
of the transformer losses. The cost of energy, the capacity 
c arge, the line loss and the line cost of any part of the system 
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are known very closely. The losses, magnetizing current and 
heating of the transformer are detennined by test as soon as 
tne transformer is received, or perhaps from maker’s guarantees. 
Ine copper loss has a less cost than the iron loss, due to the re¬ 
duction in output charge because of its short duration, and also 
has a slightly less capital cost due to its “ diversity factor.” 
The cost of magnetizing current is shown to be of considerable 
importance in many cases. This is the most variable factor 
entering into the cost of the losses. The cost of the regulation 
associated with the copper loss is due, not to any reduction of 
power sold, but to customer’s satisfaction or dissatisfaction and 
to the effect of the varying voltage upon the performance of the 
iaiiipb. If the total cost of all losses due to the transformer is 
100 per cent, the various elements will be approximately as 
follows : 

Ir°n loss.....4 0 per cent to 70 per cent 

Magnetizing current. 1 per cent to 30 per cent 

Copper loss. .30 per cent to 50 per cent 

eg man on loss...... 1 per cent to 10 per cent 

_ (.2) A discussion has been given showing the general relation 
oi tne cost ot the losses to the amount of material in the trans- 

}} has ? een found *at for a given amount of material, 
s the ratio ot the losses is varied, the copper loss of thetrans- 
onner mcreases faster than the iron loss decreases, thus making 
.he total loss larger, the larger the ratio of the losses The 
amount ot material in the transformer increases faster than the 
looses are decreased, when the losses are varied by varying the 

IT r e -' F ° r %hting transf °™s y . theamoun 

“ “he YoC ; " TOrSely “ «* third power 

(3) In general, in order to obtain minimum operating costs 

used I r S6nt Standard Performances should be 

“ h * n Ma8 * ** maximum safe 

14) In the appendix will be found a development of formulae 

valuable aesisuuce i„ the p£££“=“““ £OT 







101 ^ COST OF TRANSFORMER LOSSES 2193 

appendix 

I. Cost of Iron Loss 
Let ci = cost of energy per kw-hr., in dollars. 

61 = capacity charge per kilowatt of station and lines 

(not including secondary network) in dollars per 
year. 

w = watts iron loss in transformer. 

Then, since the iron loss occurs 24X365 = 8700 hours per year 
the total cost of the iron loss for a year is: 1 

w 

1000 (^60 Ci + Ci) dollars ( 1 ) 

II. Cost of Magnetizing Current 
E = line voltage. 

/=line current. 

a = power component of line current, expressed as a fraction 
of the line current, that is, power factor. 
b = wattless component of line current expressed as a fraction 
of the line current. 

t — magnetizing component of transformer exciting current, 
expressed as a fraction of the line current, 

./1 being that part at fundamental frequency, 
h t being that part made up of harmonics. 
k = line loss expressed as a fraction of full load volt-amperes. 
(If the line loss is given in terms of power output, this 
value must be divided by the power factor to get k ). 

The line loss before the transformer is put on is 

k (1) EI=k (a 2 +^) EI ^ 

After the transformer is on, the line loss becomes 

k (a i +b+ft 2 +n) EI (3) 


k{a*+b‘ , -+2bft+ft+ht)EI (4) 

The increase in line loss is then 

k (2 bf t+ft+hl) E I=k (2 bft+fi) E / (5) and (6) 
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If M = magnetizing component of exciting current in volt- 

„ . transformer magnetizing current M 

amperes, /=- -.—-- — 5 - 


liriP: rnrrpnt. 




.rsd 


k M (2 bf+t) = increase in line loss. 


(7) 


the increase in current is proportional to k M 


Ii h is the average wattless component of the line current per 
da\', this expression will give the average loss caused by the 
exciting current during the day. 

Because of the transformer magnetizing current, the total 
amount of the peak load is increased, and the line should, there¬ 
fore, be increased. As a sufficiently close approximation, the 
line capacity may be assumed to be increased in proportion to 
the ratio of average increase in current to the rated capacity of 
tne line. Hence, the line loss is increased only in direct propor¬ 
tion to the increase in current. We may then say: 


Line loss due to magnetizing current =k M (bf+~j watts. (9) 
Cost of line loss due to magnetizing current 
= ( ijf +4) Xc i dollars. 

M (6/+i) 


The increased capacity of line will be 
The increased cost of line will be 


1000 


( 10 ) 

kv-a. ( 11 ) 


M 


1000 . Xcost P er tv ' a - of line capacity. 


( 12 ) 


station load, the increase of station l oss M ( b, f+±) watts . 

x is small \/14^2 = x+ — 

2 
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The cost of increased station capacity will be- 
M / t \ 

1000 V 1 -^"2 / X annual cost per kv-a. of generator capacity. 

• Ti? 6 C0St ma g n etizing current will therefore be- 

m the line 

M (b f-|—A (&X8760Xci+annu al cost of line per kv-a.) 

V 2/ 10 00 - ( 13 ) 

in the station 

Ailb, fA- —)Ck iX8760 C l +annual cost of generator per kv-a ) 

\ 2 / 1000 --(14) 

Cost of Copper Loss 

loss'’ Cl = C ° St ° f energy and station capacity as in cost of iron 

peak station capacity 
connected transformer capacity 

h — hours of day at full load (in case of load not being uni¬ 
form during use of transformer, h is the number of 
hours which would be required at full load to give the 
same copper loss as the load actually existing.) 

W c = copper loss of transformer. 

Total cost of copper loss per year (365 ^ Cl +Z?Ci) dollars 

Effect of Varying Voltage on Cost of Lamps 

The characteristics of carbon and tungsten lamps are approxi- 
mately as follows: 


Carbon Tungsten* 

lamps lamps 


(renewals) varies as. 


Candle power 
Watts 


watts per c.p. 


__ \ candle power / \ candle power / 

*For drawn wire lamps, — varies as E 15 * 8 
life 

The above figures for tungsten lamps were given by the National 
-blectnc Lamp Association. 
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Using these relations, curves of cost of energy and cost of 
renewals may be plotted against voltage, or what amounts to 
the same thing, watts per candle power. This has been done 
for carbon lamps in Fig. 2. The total cost of the light will then 
be the sum of the two curves. It will be seen at once that the 
lowest point of this resultant curve gives the watts per c.p. 
at which the total cost will be a minimum. If instead of oper¬ 
ating constantly at this efficiency, suppose that a lamp is oper¬ 
ated half the time at 10 per cent lower watts per c.p. and half the 
time at 10 per cent higher watts per c.p. The cost of energy is 
not increased, since the energy cost curve is a straight line, 
but the cost of renewals is increased by the amount c' d ', 
and the total cost by the amount c d, or about 4 per cent. 
If instead of operating one-half the time at each extreme voltage, 
the voltage had varied uniformly, the increase in cost of renewals 
would have been but f as great. 


'-'Ost of .Regulation 

I he increase in cost of lamp renewals due to variation in 
voltage can be expressed as a function of the variation, and of 
the copper loss of the transformer. 

Suppose life varies as (watts per c.p.)" and E s varies as 
1 

waits per c.p. 

I hen 1 per cent variation of voltage will cause an increase in 
the cost oi renewals equal to 


4*X xo. 


01 per cent 


(15) 


ol the cost at normal steady voltage, or if the variation is uniform 

r s oi ^ *° ‘ P “ - average,“SeT 


.a.. a (a — 1 ) 

"X 24 X0.01 P er cent 


(16) 


TvoSge S fi^Snv a? for 2 

that mahmum ^ 

M h “™ S ‘ <"***< transfo^XS t “ 


( 





{ 
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Let r - approximate cost, in cents, of renewals per 1000 lamp 
hours. 

p — energy consumed per 1000 lamp hours, in kilowatts, 
a:=increase m cost of renewals for 1 per cent regulation 
expressed in terms of r. 

L —the increase in cost, in cents, of renewals per kw-hr. 
of transformer copper loss, for 1 per cent regulation. 

_£,= ( 17 ) 

P . 

for 1 per cent regulation, and varies as the square of the regula¬ 
tion. 

For 50-watt, 16-c.p. carbon lamps, 


,. _0.0016X0.35 
075 


= 0.11 cent. 


For 25-watt tungsten lamps at present prices, i = 0.20, and 
for 60-watt tungsten lamps, L = 0.12 cent. 

Let R = regulation at maximum overload at which trans- 
former is operated. 

W c = copper loss. 

h hours per day at full load, as in copper loss. 


Cr — cost of regulation in cents =L Rx 365 (18) 


Total Cost of Transformer Losses for a Special Case 

Assume cost of energy ^ = $0.0075 per kw-hr. 

Capacity charge $30.00 per kw-hr. per year. 

($20.00 for station) 

($10.00 for line) 

Assume a 5-kw. transformer with an iron loss of 45 watts, a 

copper loss of 93 watts at full load, and magnetizing current 
of 2 per cent. 

Then Wi = 45 watts, W C = 9S watts, M= 100 volt-amperes. 

From formula (1), cost of iron loss = —^ (8760X0.0075+30) 
= $4.31. 
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Cost of Magnetizing Current 
££=100 volt-amperes 

Suppose that cost of line = $10.00 per kw. 

Cost of station (electrical equipment) =$10.00 per kw. 

& = 0 . 10 , b = b,= 0.20, £i = 0.12,/=0.85, 4- = ^=0.01 

A h 

Substituting in formula (2), cost of the magnetizing current 
in the line = 

100 (0.20X0.85+0.01) ^0X8760X0 . 0075 + 10.00) |Q „ Q 

Cost of magnetizing current at the station = 

100 (0.20X0.85+0.01) (0^ X8760 X 0.0075+10.00) _ |Q _ 

Total cost of magnetizing current = $0.62. 

It will be seen, then, that in this case the magnetizing current 
costs 14.5 per cent as much as the iron loss itself. 


Copper Loss 
IT,=93 

Suppose that £> = 0.8, A = 4, maximum frequent overload 
= 33 per cent, c h C h as before. 

93 

Total cost = jqqq (365X4X0.0075+0.8X30.00) =$ 3 . 26 . 

Cost of Regulation 

losItrTs? 11011 a V Ull A l0ad is ver y close t0 the per cent copper 
cent 8 overload, it is 1.33 X 1.86 or 2.48 per 

Assume £ = 0.11. 

C ° St ° f reSuktion ’ b y formula ( 18 ), =0.11 X0.0248 

x9i TooT “» 37 - 

The total cost of losses is, therefore, 

Iron loss. 

Magnetizing current. S4.31 

Copper loss. .. 

Regulation.. 3.26 

. .37 




$8.56 


i 
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. , Now * a !0-year life be assumed, with interest at 6 per cent, the 
interest and depreciation factor will be 13.8 per cent. Therefore, 


the “ capital cost ” of the losses will be - 856 

0.138 


$62.00. 


This is more than the first cost of the transformer, hence it 
wdl be seen that a saving of 10 per cent in the losses in this case 
would be of greater value than to obtain a reduction of 10 per 
cent in the price of the transformer. 

. Slmilarl y> tlle operating cost of a transformer of the low effi¬ 
ciency type may be calculated: Assume 


Iron loss. 

Copper loss. 

Magnetizing current. 

All other factors as before. 
Then cost of iron loss.. .. 
Magnetizing current. 

Copper loss. 

Regulation.-. 


= 62 watts 
= 93 « 

= 10 per cent 


- $5.94 
= 3.78 

- 3.26 

= .37 


$13.35 

The “capital cost ” = 1T|| = $97.00. 

the , former transformer cost $60.00 and the latter 
$50.00, the total costs will be $122.00 and $147.00. 

The importance of the cost of the losses is quite evident. 

The cost per watt of iron loss or copper loss may be readily 
calculated. In these cases, the iron loss and magnetizing current 
costs from 80 cents to $1.10 per watt of iron loss; the copper loss 
and regulation costs 28 cents per watt of copper loss. 
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Discussion on “The Application of Current Trans¬ 
formers to Three-Phase Circuits/' “ Cost of Trans¬ 
former Losses." Chicago, June 30, 1911. 


A. H. Pikler: It is now more than 26 years since the first 
large transformer installation was made in Budapest, Hungary. 
Both the system of operation of distributing-transformers and 
the transformers themselves were inventions of Messrs. Ziper- 
nowsky, Dery and Blithy. The parallel system, or as it later 
was called in this country, the multiple arc system, is used to¬ 
day exactly as it was in use then, and the general design and con¬ 
struction of the transformers of that time has undergone very 
little change in comparison with the transformers of’the present 
day. Most of the changes or improvements which we find in 
the present transformers as compared with the first types are 
due to the improvement in the materials, as insulating materials 
and the steel used; further to the increase in cost of labor. 

That the distributing-transformers are still of acute importance 
is shown by the present paper. The reason for this is the very 
large amount of capital invested yearly in such transformers 
^ ar & e aniount of money expended in operating them 
I he Bureau of Standards of the United States Government* 
recognizing the great importance of the subject of distributing- 
transiormers, went into a thorough investigation of the value 
°},, e var ] ous characteristics of such transformers expressed in 
dollars and cents, and a few years ago issued the Circular No 22 
where a report of the investigations is found in connection with 
other useful suggestions relating to the same subject. 

, Mesas- Stone and Atkinson is to my 

item lffJrtJ he t^f St ° ne f hat takes into consi deration every single 
item affecting the operating cost of the transformers, and gives 

a thorough and full presentation of the whole subject The 
Tanner in uhich the authors deal with this subject I consider 

pouiTwTto thL/ l6aSt Httle 4 etail is lost sight of, from the 
?„ er “? use to the consumer. The important difference be 

Se&SS “ d this P>P« 1 i““X e fac 

;. tSbrs ‘ otone and Atkinson point out the method wh^hv 

nett tSnTdlSSS Zd fCjrT 

oli'hantgT dmSC d< S?T S 

used in the government circular, ft Sty freq^tfy^foS? 
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that the lower losses m the transformer of generous amount of 
material may not suffice to quite offset the difference in price 
between the. two transformers. If, however, the exciting curreS 
is also and rightly taken into consideration, such will not be the 
case. 

Another important point which the authors bring up and 
which may bear some further illustration is that the low power 
factor in a transformer, m itself, is not objectionable when it is 
accompanied by a low core loss. 

I have often heard statements like this: 

T h ® 1 introduction 0 f silicon steel does not mark such a great 
a am m the transformer as may appear from the core loss watt- 
per-pound figures of the ordinary and silicon steels. The power 
factor at open circuit m the silicon steel transformer has de¬ 
creased considerably as compared with what it was in the trans- 
ormer built with ordinary steel. Therefore what we gain in 

factor°” S m the transformer we lose on the line due to lower power 

Se^o^lowm^ 0 statement * s not corr ect may be seen from 

L et us a ssume for instance two 5-kw. transformers, one of 
f typ * made + with ordinary steel, another of a recent type 

L SlllC °++ I 6 ' T ^ e old type transformer has a core 
loss of 64 watts, the modem transformer has a core loss of 
4o watts, the exciting current of both transformers is the same 
that is, say 2 per cent of the full load current. Then the old 

type transformer will have a no-load power factor of _ 64 

0.02X5000 

= 64 per cent. The modern transformer will have a power 
45 

actor °f o 02 X 5000 = per ceiTfc - The power factor of the 

fil tran + t rm / r 1S hi f her than the new one. But is the old trans¬ 
former therefore a better transformer? It is not, because the 
exciting current,.*.*., the no-load current on the line is just the 
ame, moreover in the new transformer we have a transformer 
core^loss C0nnectl0n with that same exciting current has a lower 

nertS h wVp em ° f imp ° r * ance that ma y he pointed out in con¬ 
nection with a magnetizing current which is of value to the 

purchaser tf transformers is as follows: If the nomial mae- 
Y A n the transformer core is higher in one transformer 
than m the other, then a slight increase in line voltage may cause 

LS af cr ase “ th . e <="“ »' 

Having the higher magnetic density in its core. This is self 
explanatory from the well known saturation-curve. 

t do not agree with this statement of the authors: “ Trans- 
ormers are designed and will be designed and sold to meet the 
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demands, regardless of the cause of the demand.” I consider it 
rather academic and do not believe that it coincides with the 
real, actual development of the transformer. Not only a, trans¬ 
former but any kind of machinery is made by the manufacturer 
so as to produce it with the greatest economy to both the manu¬ 
facturer and the public. The public buys what is offered to it. 
Later on competition steps in and causes further improvements 
in the apparatus. It is therefore the competition that creates 
further development in the art and not the demand of the public. 
The public generally specifies the best performance offered by 
the various competitors. 

That the decrease in core loss and copper loss requires a greater 
expenditure of material can be appreciated from the figures 
given by the authors stating that I per cent decrease of both losses 
requires about 3.3 per cent increase in the cost, of the active 
material. 

There is a paragraph in the paper where it is explained why 
the loss of the amount of material per kilowatt is less with in¬ 
creasing capacities. I beg to offer the following explanation, 
which I think is broader and clearer: Let us consider a tram, 
former or any other electromagnetic apparatus with linear di 
mansions of unity; if these dimension?; are doubled, then the 
volume of material and with it flu* weight will be increased as 
the third power, the cross section of the iron eon* and with it the 
total magnetic flux will increase with the second power. The 
cross section of the copper and with it its, current carrying ca ¬ 
pacity will also increase with the second power. Since, further, 
the output of any electromagnetic apparatus can be expressed 
as the product of magnetic (lux and ampere turns, it may be 
seen at once that by doubling the linear dimensions of the ap¬ 
paratus, its output increases with the fourth power whereas 
the amount of material increases with the third power. Using 
the same densities in both eases, the watts lost are direct I v pro 
porticnal to the weight of the material. Therefore it will la* 
readily seen that the apparatus of the larger output will have a 
lower loss per kilowatt output, that, is, a higher efficiency, It 
should have been pointed out, however, bv the authors that the 
radiating surface increases only wit h t he second power and this 
influences the design in a much greater measure than does a 
change in the winding space factor, as is the authors' opinion. 

In closing I wish to point out the fact that the significance of 
the various items entering into the real economy of the trans¬ 
former can be best appreciated by the figures given at the Hose 
of the paper, which show that whereas the init ial cost of a 5 kw. 
transformer, for instance, is approximately $00, its operating cost 
will be of the order of $50; so that the total cost of t he traits* 
formcr to the purchaser will amount to $122 to $1 17, This is 
the total cost assuming a 10 year life and capital teat ion with 
interest at 0 per cent, taking into account depreciation and 
interest. 




W. C. Smith: 

from tilt' rnumUaci 

\VOfds In till 4 

ami Atkinson. 


Viewing tin* c|ue,stion of transformer losses 
luvr ; standpuiui, 1 would like to- add a few 
'-iim til ? in- exeellent paper ? > v Messrs. Stone 


1 laat I la* lu;is an i11ij>iirtant consideration in the 

st‘kvt.ion *»l distributing iranslonners, even approaching a value 
nqual in ihat ui the transformer itself, ha;; bemelearlvshown liy 
the authors. 


ilia drmaad rtf tin* eeufral station ha* lower losses has been 
insistent, until today» for a given k v-a. rating the distributing 
tiliiish»i ii iti ia^tin* nitrd eflieieut piece of electrical apparatus on 
fhr market, The improvement in t*«nv loss hv tin* introduction 
ol silicon atari has, of mu ran, hrcn otic uf t In* greatest rout ributing 
fartm-s in this development, Tin* actual watts par lb. at normal 



V f.**V J (ViJ "V ,1* 1 1; *) #*}•»,, . 


Oi 

|H 

**»» ■ 


»** !’*»'< 'M* 'III >t«i s»m »j M ,|j 

Curve of loHHrai 

workiiii: ilcir.ililtjr In liy.iriv.i:. ami cililv current ]« 
has, within the liiHiinc ,,| tin- avcr;t)*i* tiaic-tniimr, iircti re' 
dined at Irasl oitr hall, 

A runr oi i»»v.r mu the a U\ a, standard lighting transformer, 
as given in published claims of a prominent electrical nmmn 
taeturing company in this, country, shows tin* remarkable de* 
ii^ease that has been accomplished during the past few years. 
With snrli in,irked reductions in tin* losses, eonthined with 
butter meehaniral eonstrnct.ion in the new types as iht*y wore 
put on bite market, a very high depreciation value naturally 
had to be placed^ott apparatus already installed, In other 
\vonls, the M smashing point “ was reached early in the life of thr* 
old lighting transformer. 
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Today, conditions are changed. In the best class of this ap¬ 
paratus now on the market, every part has been scientifically 
proportioned. There is no waste space anywhere. The con¬ 
struction is extremely rugged and the heating uniform. With 
steel absolutely non-aging, the customer is assured of proper 
division of losses and constant efficiency. The processes of manu¬ 
facture are such as to warrant long continued service without 
disturbance of the various parts.. 

In other words, the best class of modern distributing trans- 
iormers. is now built primarily for long service. No radical 
mechanical changes can be anticipated, which will warrant 
replacing these units. Only a very material reduction in losses 
can suffice for such replacement.” 

However, with efficiencies already of 97 to 98.5 per cent, any 
very material saving in power cannot be anticipated even though 
the present losses be decreased by a fairly large percentage. 
No improvement is of course expected in the quality of copper. 
It is too much to hope for any marked improvement in the 
permeability of the steel, which means that, even though the 
core losses per lb. be considerably reduced, it will not be possible 
to operate at higher flux densities due to magnetizing current 
considerations. We must, for these reasons, look toward the 
core losses for any great improvement in efficiency. But even 
assuming a 25 per cent decrease in core loss (and this is hardly 
probable) we shall only find 8 per cent decrease in total losses 
due to the tact that the present division of losses is two of 
copper to one of iron. 


U ith the foregoing facts in mind, the value of a small deprecia- 
tion factor becomes at once apparent. Taking the typical case 
£ * ^ k y a - transformer already cited, if the life be increased 
,rom 10 to 20 years,_ interest at 6 per cent, the interest and de¬ 
preciation factor will be 8f per cent. Assuming the same 
original costs, the increased life of 10 years can be shown to be 

SS-ee 1 n I tun°t a 6 f ^ ^ . difference in cost of total losses 
between two transformers giving the same length of service. 

„„ yis consideration shows such a large saving, due to long life 

as to almost eclipse the demand for lower losses which has been 

SS ed OthTf n £o UP ° n the manufacturer during the pSt few 

Be sought for the lower losses will still 

Rather than any marked decrease in total losses resulting 
t " STS rrV S ’ i°nmg°rfVts e V 

e itsfes sps-ss:a a 

development of synthetic gmns Xs?„n Kg t^il 
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of actual operating temperatures of at least 125 deg. to 150 dee. 
+ en S*= ra ^ e ‘ Such a development will naturally present a problem 
be met re ™ er a s ^ tuat i on 5 however, which can undoubtedly 


.?• A - Wagner: The paper by Messrs. Stone and Atkinson 
e s a basis of calculation for the comparative operating costs of 
different types of transformers which is of considerable value 
the exciting currents, or magnetizing currents, are, as a rule 
not given consideration when summing up the comparative 
values of transformers. A study of the formulas will show, how¬ 
ever, that the results obtained depend solely on the assumption 
made at the beginning, so that with different assumptions en¬ 
tirely different values will result. 1 


In the summary of the losses Mr. Atkinson tabulates the value 
of two transformers of different characteristics, one a so-called 
high efficiency type, and another one a so-called low efficiency 
type. In the high efficiency type, according to this formula, 
the magnetizing current has a value of 62 cents, and in the low 
efficiency type a value of $3.78, thereby increasing the cost of 
exciting current more than five times with a transformer showing 
oO per cent higher core loss. Such examples, given as typical 
illustrations, are apt to prove misleading to one not thoroughly 
acquainted with transformer performances. It is a matter of 
act that magnetizing currents do not increase proportionately 
with the core losses. In transformer design we find that low 
costs and high efficiencies are arrived at by crowding the mag¬ 
netic circuit (operating at densities close to the saturation point) 
and increasing the space factor by eliminating as much of the 
insulation between layers and coils as possible. Such a trans- 
tqrmer, m comparison with one designed to operate at lower densi- 
ties in. the iron, but with a considerably heavier cross section in the 
magnetic circuit, assuming that modern silicon steel is used in the 
construction of the core in both cases, will show fully as high, if 
not higher, exciting currents. With a given quality of silicon 
ana retaining a winding space factor not varying more 
than 3 per cent, transformers of widely different characteristics 
m regard to. core and copper loss and widely varying weights of 
copper and iron, will all produce very close to the same full load 
efficiency. In the design of this type, and assuming the valua¬ 
tions given by Mr. Atkinson, it will show that the so-called cheap 
transformers, or low efficiency transformers, will be much more 
desirable than the one which he classified as a high -efficiency 
transformer. In other words, the choice of transformers is 
almost entirely on the value of the magnetizing cur- 


H. B. Gear: I wish, to emphasize the remarks made by a 
previous speaker regarding the importance of securing long life 
m modem transformer design. In the larger systems where the 
cost of energy has been reduced by large turbo-generators, until 
it approaches the vanishing point, the item of depreciation as- 
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sumes greater importance than the cost of the iron and copper 
losses. The larger companies are therefore becoming more 
interested in these days in the life of their transformers then 
formerly. 

Although the iron losses in the line transformers in the Chicago 
system amount to approximately 6,000,000 kw-hr. per year, 
the cost of producing this energy is only about half the fixed 
charges—interest and depreciation—on the investment, based 
on an average life of 15 years. 

Improvements in the methods of manufacture and insulation 
which would add five years to the average life of line trans¬ 
formers, are therefore fully as important as a reduction of 25 per 
cent in the core losses. 

The operating engineer who endeavors to specify to the 
manufacturer a type of transformer which would be most eco¬ 
nomical in operation, must choose between a unit which will be 
most economical with lighting customers having a low load 
factor and a unit which is most economical for power customers 
having a high load factor. 

The ratio between iron and copper losses should be lower for 
the consumers with small load factors and higher for the con¬ 
sumers with higher load factors. 

It is not practical for operating companies to attempt to carry 
two kinds of transformers in stock for general distribution work 
and the operating engineer must therefore strike a happy medium 
which will be most economical for the average load factor of his 
customers. 

R. W. Atkinson: I have been much interested in the points 
brought out by the various speakers. I shall refer to an objec¬ 
tion made by Mr. Pikler to our statement that the manufacturer 
will adjust the losses to correspond with the demand. I think, 
however, that Mr. Pikler’s idea is not really different from our 
original statement, namely: It does not make much difference 
whether the demand for any performance is for logical or il¬ 
logical ^ reasons. or is because the salesmen of the various 
companies making transformers have convinced their cus¬ 
tomers that a certain loss should be reduced or that certain other 
losses should be left as they are. Two transformers of different 
performances will have a relative difference in their market value 
due to a difference in their performance. For instance, suppose 
w &tts iron loss and the other 100 watts iron loss, 
hat difference of 10 watts iron loss will make a different sale 
value of the two transformers. Difference in value may be 
purely commercial, due to the fact that the salesmen have con¬ 
vinced the average user of the transformer that that difference 
is worth a certain amount to him, or it may be because the con- 
sumer has worked out, from either a logical or illogical stand¬ 
point, that that difference means so much to him in dollars and 
cents. It does not make any difference what the basis of the 
emand is, the manufacturer will design his transformers to 
meet the demand of the market. 
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There has been a constant tendency to increase the tempera¬ 
ture rise. As small transformers were built a few years ago, the 
limits were the efficiency. It was impracticable to build trans¬ 
formers with a high temperature rise, simply because they would 
have been so inefficient that it would not have paid to use them. 
At present, due to improvement in materials and design, the 
dimensions have been decreased more than the losses, thus in¬ 
creasing the densities, with a consequent tendency toward an 
increased temperature rise. If the insulating people can do what 
Mr. Smith hopes they may do there is a field now, as there form¬ 
erly was not, for a material capable of withstanding high tem¬ 
perature. 

A word in regard to the question of cost of magnetizing cur¬ 
rents in the two transformers used in the problem. These were 
two particular transformers that were on the market at the time 
the figures were made. There is a tendency, I believe, for the 
high iron loss transformer to have high magnetizing current, 
although this is not necessarily so. I think the reason for this 
tendency was brought out by Mr. Wagner, that transformers 
are operated at densities very near the saturation point, and if 
the iron loss is increased with a given type of transformer there is 
a tendency for the magnetizing current to be increased in much 
greater proportion. Of course that can be modified by changing 
the design. The question of magnetizing current is a separate 
one from the others, and it is true that if the two transformers in 
the problem had about the same magnetizing current, and with 
the other figures as we have given them, the ultimate costs 
would not have been greatly different. The cost of magne¬ 
tizing current is the most variable factor in the cost of trans¬ 
former losses and depends largely on local conditions. If the 
transformer is put on the line with the purely lighting load, where 
the power factor is high, the magnetizing current will not be as 
expensive as if it were on a circuit of low power factor. 

In regard to the relative ultimate cost of the low efficiency or 
high efficiency transformer, I would say that it depends very 
largely upon the purposes for which the transformer is to be 
used and the conditions of the cost of power. If the transformer 
is to be used for a long-hour load then it will pay to have a 
relatively low copper loss and a relatively higher iron loss. I do 
not want to say, as a general statement, that it will pay to use 
either a low efficiency, or a high efficiency transformer, that 
it will pay to use a low ratio of copper loss to iron loss, or to use 
a high ratio. The point we wish to make is that the cost of the 
losses is dependent upon specified conditions which may vary 
with different systems and perhaps with different parts of one 
system, but in such a way as can easily be determined. 
Furthermore this cost is of such importance that one cannot 
afford to determine it by guess. 
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SOLUTION TO PROBLEMS IN SAGS AND SPANS 


BY WM. LE ROY ROBERTSON 


Solutions for sag and span problems occurring in overhead line 
construction have been developed from time to time by many 
authors. Frequently during the process of development one 
author has taken up the work where his predecessor left off and 
has endeavored to make the formula more complete. Such 
solutions heretofore developed are approximate, and apply to 
the case where the sag is very small compared to the span. All 
solutions up to the present time are based upon the assumption 
that a span of wire forms the arc of a parabola. The formulas 
are approximately derived and are mathematically inconsistent. 
For instance, the formula for length of arc in a span, instead of 
being derived from the parabola, is derived in an approximate 
manner from the circle. Again the stress value is taken at the 
center of span and assumed to be constant at every point along the 
wire, when in reality it varies at every point, reaching maximum 
values at the supports. Further, certain small errors occur in for¬ 
mulas dealing with the effect of changes in temperature and stress. 
Again, in the case where one support is higher than the other, 
a certain discrepancy occurs which will be explained later under 
that particular heading. However, when the sag is very small 
compared to the span, the error introduced by the formulas 
is of no practical consequence, although when the sag increases 
sufficiently there may be considerable error introduced. The 
data produced by the solutions are adaptable to a limited num¬ 
ber of span values and usually are adaptable to only one material. 
Complete recalculation is necessary for a second material. 

The question of large sag is important, and must be considered. 
Relatively larger sags occur in long spans. When abnormal 
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weather conditions cause the wire to stretch, large sags are often 
the result. Again in the case where a difference in height exists 
between supports, it will be found, as described later, that the 
sag is never less than the difference in height between the sup¬ 
ports, and may be larger. 

In the solution hereafter considered, it is proposed to give 
mathematically consistent and correct formulas and to supply 
data sufficient to solve problems with the least additional com¬ 
putation. It is also intended that the solution so far as possible 
will be universal and not limited to any particular sag and span 
values, nor to the kind of material. 

Selection of Catenary 

Plate No. 1 gives a comparison between the equations of 
various curves and actual measurements made upon a span of 
wire. The length of the span is exactly 80 ft. and a comparison 
of the deflection is made as given for a two- and a 10-ft. sag. 
The span of wire which was measured consisted of No. 12 an¬ 
nealed bare copper. The supports were perfectly level and 
rigid and the transit was used in taking the measurements. 

It will be noted that the suspended wire follows the course 
of the catenary much more closely than it follows the other 
curves. It is possible that some wires under certain conditions 
would perhaps more closely follow the curve of the parabola. 
A stiff, thick wire in a short span would not be expected to follow 
the catenary. 

The results show that when the sag value is small in comparison 
to the span, it is immaterial which curve is used, except the 
circle. 

Considering that wires and cables tend to greater flexibility 
in longer lengths; that spans are as long as 2000 ft. and over; 
that in proportion to the span larger sags are more likely to 
occur in long spans; that, when the supports are at different 
ie\els, larger sags exist; and that the catenary formulas on the 
vhole are probably as simple as any, the catenary seems to be the 
best curve. 

Plate No. 1 also gives a rough idea of the difference existing 
between various formulas. The greatest difference is in the 
stress, which in turn would cause an error in the effect of tem¬ 
perature and stress. 

Formulas. The basic principles underlying all solutions to 
sags and spans are set forth in Chapter IV, of J. Weisbach’s 
‘‘Theoretical Mechanics”. 
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Plate No. 2 gives all the necessary formulas based on the cate¬ 
nary and on level supports. Formula (1) is the equation of 
the catenary. Formula (2) is derived from formula (1). For¬ 
mula (3) is the integral equation for length of arc of any curve 
in ordinates of x and y. Formula ( 2 ) is substituted in formula 

(3) , giving the formula (4) for length of arc. The remaining 
formulas are self-explanatory. All formulas up to and including 
(7) are derived from the catenary. The others are derived 
independently of the catenary. 

Inspection of the formulas shows that if the a, x, y, C , S, II 
and V values be multiplied by a constant K the relations of the 
formulas remain unchanged. 

If we take the value x or the value of span and multiply it 
by two, all the other values in the formulas will be correct only 
when multiplied by two; in this case K equals 2. In all the 
following curves and computations, the constant K is used, and 
span is taken at 100, making the value of K equal to the length 
of span divided by 100. The use of the K factor renders the 
following curves adaptable to any value of span. 

Computations and Curves. In equation (1), by substituting 
various a values for a given x value, the corresponding value 
of y and hence the sag can be obtained. Likewise, in formula 

(4) , for the same given x value, the corresponding length of arc 
can be obtained by substituting the same various a values, and 
in formula ( 7 ) the corresponding maximum stress can be ob¬ 
tained by substituting the y value corresponding to the same 
various a values. 

Obtaining the stress values for various points along the wire, 
by substituting in formula ( 7 ) various y values for a given a 
value, and averaging them, the average stress value may be ob¬ 
tained corresponding to the given a value. This can be repeated 
for all a values. All of the above substitutions must be made 
for the one given x value. 

Formula (5) gives the stress value at the center of the span . 

On Plate No. 2 a full set of computations for various selected 
a values is given based on a 100-ft. span where K equals one. 

From these computations three sets of curves are plotted in 
sections—Curve No. 1, between sag and length of arc; Curve 
No. 2, between sag and stress; and Curve No. 3, plotted for 
wires and cables from formula ( 10 ), Brown & Sharpe gage. 

Plates No. 3 and 4 give data on wires and cables, which cover 
tensile strength, modulus of elasticity, ice and wind load on 
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wires, etc., all of which make up an important factor in the solu¬ 
tion of sags and spans. The data which we have at hand to¬ 
day are not sufficient. Wires, when stressed, do not return to 
their original length; there is frequently a permanent set. This 
fact is overlooked in previous solutions, which are more or less 
dependent on the wires being perfectly elastic. Mr. 0. F. Black- 
well, in a paper read before the International Congress at St. 
Louis, 1904, gives some very good data on the stress and strain 
m wires, where permanent set has taken place. When an an¬ 
nealed copper wire is stretched, it hardens, becomes somewhat 
drawn, and increases in strength. There do not seem to be 
available any detailed data on this property of wire. Full de¬ 
tailed data, of this kind, are desirable. 

The data given on Plate No. 3 for wind pressures are based on 
the formula* P — 0.0025 V 2 , where P is the wind pressure in lb. 
per sq. ft. and V is the actual wind velocity in miles per hour. 
Authorities disagree, however, on wind pressures. The above 
formula is generally accepted as correct, yet according to an 
article by Piatt, Lane and Kistler in the Journal of Electricity, 
Power and Gas , July 29, 1911, wind pressures are found to be 
much higher, and especially so for the smaller wires. 

Effect of Changes in Temperature and Stress 
The effect of a change in temperature or W value is to in¬ 
crease or decrease the length of wire in a span and thereby alter 
the sag. 

In turn, every change in the sag causes a corresponding change 
in the stress. 

For instance, if an increase in temperature alone takes place, 
the wire will lengthen and the sag will increase. Because the sag 
increases, the stress will decrease in turn, causing the wire to 
shorten, whereby the sag will tend to decrease. 

An increase in the W value brings about a similar condition. 
The resultant sag is a state of equilibrium between the action 
of the above forces (forces tending to increase sag and forces 
tending to decrease sag.) 

To compute the resultant sag by means of a formula is a diffi¬ 
cult matter, involving complex equations depending on many vari¬ 
able quantities. The following graphical method employing a 
hypothetical condition is given f 

*See Transmission Wire Crossings,” F. F. Fowle. 

fSee paper by H. W. Buck, International Congress, St. Louis, 1904. 
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Change in Temperature (Value of W Remaining. Constant). 
Given a condition of sag and span. From < urve No. I find 
the length of arc ami from Curve No. 2 find the (average) stress. 
Assume hypothetically that the stress in the wire he removed; 
that the wire contracts to its original length as when unstiessed. 
Find length of arc by applying formula (9). For a given change 
of temperature, find length of arc as it. would he changed 1mm 
the hypothetical length by applying formula (8), and fmd the 
sag corresponding to this length of are from Curve No. 1. Now 
assume hypothetically that the wire is again stressed. Plot, a 
curve showing how the sag increases as the stress is gradually 
re-applied. This is done by finding the increased length of arc 
for each value, of re-applied stress by formula (9), and the 
corresponding sag from Curve No. 1. Plot, the newly found 
curve A B, Fig. 1, and where it. cuts the regular curve but.ween 
sag and stress,’Curve No. 2, the point of intersection 1‘ gives the 
resultant sag 0 C and stress 0 B due to a change in temperature. 
In computing the above curve, one must, not overlook the fact 
that the stress value must be ex¬ 
pressed in terms of K II'and the 
sag in terms of K. 

Change in W Value {Tern 
perature Remaining Constant), 

Given a condition of sag and 
span. From Curve No. 1 find 
the length of are, and from ('urve 
No. 2 the (average) stress, the 
value of W being normal. Assume hypothetically as before 
that the wire becomes unstressed and find new lengt h of are bv 
formula (9), and the corresponding sag from Curve No. 1. 
Now assume hypothetically that, the stress be resumed, but this 
time consider the new value of IP, plot a curve between stress 
and sag as before, remembering to properly express the ordinates 
in terms of K IF and K, and find the resultant sag and stress in 
the same manner. 

The curves and formulas are further adaptable to finding re¬ 
sultant sag and stress when the length of span changes, due to 
poles bending or swaying and crossarms twisting. 

Pkow.km 

Given a 100-ft,. span of No. •! hard drawn copper wire (three 
braids weatherproof) strung in summer at IK) deg. fahr, with a 



Pit.. 1 


M 1 
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sag of six in. Find (1) the resultant sag and stress in winter 
at 1.0 deg. below zero, and (2) with J-in, covering of ice. 

Normal It" 0.101 lb. per ft. .. ..From Plate No. 3 

K 1 , . , K IF 0, KM. .From formula (ll) on Plate No. 2 

Normal sag b in. -0,5 K .From formula (ll) on Plate No. 2 

Normal stress =2,220 K W = 304 lb.From Curve No. 2 

Normal stress 11,200 lb. per sq. in.From Curve No. 3 

Normal length of are >-100.000N K — 1.00.0008 ft. ..From Curve No. 1 

First, Length of are (hypothetically unstressed) 

01 ).OMSK ft. 00.9308 K .By formula (9) 

Length of are (decreased by change in temperature) 

99.8409 ft . - 99.8409 K .By formula (8) 


1 Iyj»othetieal curve as follows (stress resumed): 


! 

Assumed stress values 



Lb. per 


Length of arc 

Corresponding sag 

fit i, m. 

Total lb. 

by formula (9) 

from Curve No. 1 

0 

0 

00.8*100 - 00.8400 K 

H ypothetical 

noon 


00.0087 -» 00.0087 K 


22000 


00.0747 *= 00.0747 K 

« 

j 202,SO 

800 52-10 K IT 

100.0005« 100.0005 K 

0.000 K 

! 27000 

880 5200 /( W 

100.0051 100,0051 K 

0.420 K 

j 28000 

020 .SO 10 K U f 

100.0112 «100,0112 K 

0.655 K 


Plotting this curve on Curve No. 2 (Section B), using 
t he same ordinates, it is found to intersect at the point P, giving: 
Resultant sag 0,240 K 0.210 ft. nr 2.9 in. 

Resultant stress 5300 K IF 870 lb. 20,000 lb. per sq. in. 

St'toml. New value of IF 0,750 lb. per ft.From Plate No. 3 

Length of are (hypothetically unstressed, normal W and decreased by 
changes in temperature) 99.X409 «99.8109 K as given above. 

Hypothetical curve (stress resumed, IF —0.750 lb. per ft.) as 
f( db >ws: 


Assumed values 

\ 


Ll». |H*r 


Length of arc 

Corresponding sag 
from Curve No. 1 

v{. in, 

i 

Total lb. 

by formula (9i j 

0 

0 

00 8400 - 00,8400 K 

Hypothetical 

2/ono 

8H0 - 1170 K If 

100.0051 *100.0051 K 

0.420 K 

28000 

020 **1250 K W 

! 00,0112 «100.0112 K 

0.655 K 

moon 

1020 ** JHHtt K W 

j 100 0201 «100 0204 K 

1.050 K 
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Plotting curve on Curve No. 2 (Section B), as before, the 
point of intersection is P, giving: 

Resultant, sag (U ).">() K 0.000 ft. nr 11.1 in. 

Result ant stress - 0. 1200 K lb 1000 10. 20,000 lit. ju • r t j. in. 

SUPPORTS ON 1 )i KKKRKNT LKVKI.S 

In dealing with level supports it seemed unnecessary to define 
sag, but in the case of supports at different levels, it is important, 
to consider tins function of spans. There are certain other 
conditions which must also be understood. 

Sag may be defined as the difference in height between the 
lowest point, or vertex, of the curve, and the point of support. 
With level supports, the vertex of the curve is at, the center of 
the span, but with supports at different levels, this is not tin* 
case. Hereafter, in dealing with supports at different levels, 
the sag will be reckoned from the higher support. The con¬ 
ditions can best be illustrated in Pig. 2. 1 Iere a series of curves, 

A, By Cy P and /£, are shown, representing a single span of wire 
drawn up at various degrees of iautness between two .supports. 
The curves art* produced beyond the lower support, hi order to 
complete the catenary curve. Starting with curve H and 
drawing the wire tighter, the sag represented by ,Sh decreases and 
the vertex moves away from the upper and over toward the lower 
support. When the vertex reaches the lower support, the sag 
equals the difference in height between the supports, and if tin* 
wire is further tightened, the vertex of the curve moves a wav 
from both supports and the sag again increases. 

To obtain the relations between sag, si,res:-: and length of are 
for supports at different love‘Is involves further complex mathe¬ 
matics. However, a semi-graphical solution may be obtained 
in conjunction with the data and curves already supplied for 
level supports. 

In Fig. 2, take any curve /£. It may be considered as made 
up of two parts, one corresponding to x h and the other to ;v ;! . 
Each part in itself may be considered as half of a separate and 
independent span having level supports, one half having L x for 
given spaa value and the other having Each span will have 
the same a value. By the proper manipulation of the K factor, 
all values of sag, stress and length of arc* may be obtained for 
each span from the curves already given for level supports; and 
then, knowing these values, the relations between difference in 
height of supports, sag based on higher support, length of are 
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and stress may be readily computed for the span suspended by 
the supports on different levels. 

To establish a series of curves between the above relations, 
the following method was employed: 

Assume various a values. For each a value select various 
sets of xi and r 2 values (Fig. 2) whose sum is always constant 
and equal to 100 ft. For each xi and x 2 value, determine first 
the ratio between X\ and x 2 and then the value of h. From this 
plot a series of curves, one for each a value, plotted between the 
ratio of xi to x 2 and the value of h. 

From these curves the ratio x\ to x 2 may be obtained for any 
selected even value of h. 

Select a series of h values. For each value of h obtain from 
the curves the ratio xi to x 2 corresponding to each of the already 
chosen series of a values. In each case, determine the values for 
ffi-and x 2l sag, length of arc and stress. 



Fig. 2 Fig. 3 


A series of curves can then be plotted between sag and length 
of arc, one curve for each value of Ji. In the same manner, a 
series of curves can be plotted between sag and stress, one curve 
for each value of h. 

Such sets of curves will be found included with the curves 
given for level supports. Problems involving the effect of tem¬ 
perature and stress changes may be solved from these curves in 
the same manner as is done with level supports. 

Fig. 3 illustrates a discrepancy which enters into previous 
solutions offered in sags and spans when considering the effect 
of temperature and stress changes with non-level supports. 
They produce the portion of the curve between the supports 
represented by L i, until it may be considered as a span on level 
supports represented by L 2 , and solution is made accordingly. 
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When the effects of temperature and stress changes are consid¬ 
ered, (lu* sag may increase or decrease, and tin* diftWvnre in 
height of supports is altered by an amount represented by O in 
Fie. ]f the su|>ports art 1 fixen 1, this discrepancy enters. 

An interesting feature of spans on supports at different levels 
is that when the vertex of the curve lies outside of tin* two sup¬ 
ports, there is a small vertical force exerted on the lower support 
tending to lift the support. This may be demonstrated by 
inserting a third support between any two level supports which 
suspend a span of wire. The third support, which should be 
movable, must be placed lower than the lowest point in the 
original span. The condition represents two spans of wire 
where the center support is the lowest and where in each span 
the vertex of the curve lies outside of its two supports. If the 
lower support is of material light enough in weight., it will rise. 

At first, it might be supposed that when the difference in 
height of supports increases, the stress values in the span would 
decrease. Upon inspection of the curves, it is found that very 
high stress values exist when the vertex of the curve lies outside 
of both poles. In fact, the stress values approach infinity as 
the curve of the span approaches a straight line, due to being 
drawn taut. 
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SAC, CALCULATIONS FOR SUSPENDED WIRES 


BY PKRCY H. THOMAS 

The method here described for calculating sags and strains 
in suspended wires was devised to shorten the process of the 
transmission line computations, especially where the effect of 
temperature is to be considered. The method is a semi-graphical 
one and involves no numerical operations other than may be 
performed by the simplest slide rule manipulation. The method 
is 1 list'd on the assumption that the suspended conductor eon- 
forms to the catenary, which is generally considered to he the 
actual fact, although as far as the writer is informed no scientifi¬ 
cally accurate verification on a large scale under practical con¬ 
ditions has been attempted, 'flic results obtained by the use 
of the catenary basis will not differ from those derived from I he 
usual parabola formulas more than 10 per rent in the strain 
for a sag of 7.5 per cent. For larger sags, however* the dif* 
ferenee rapidly increases. A description of the use of the met hod 
will be given, followed by a brief statement of the mat hemal teal 
just Him turn therefor. 

Mktuod of M a kino NeviKuit'Ai. Diet hr ut nations 

The problem is the determination of the various quanto 
ties sag, span, strain ant! angle of wife at support under any 
definite conditions, and also the elTeet on these quantities of 
change in load or change in temperature after the wire has been 
secured in position. 

Imagine the given span to be reduced in size, without changing 
the shape of the curve, until the spun is one foot. The sag will 
then be reduced in direct proportion to the reduction of span, 
in other words the percentage of sag will remain the same. The 
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stress in the wire and the length of wire, also, will be red need 
in the same ratio, Again, the stress in {Ik* wire fur a given span 
for a definite sag is directly proportional to the weight per lout ul 
the wire or the combined effect of weigh! of wire and ice or ui 
the combined effect of the weight of wire and ire and of wind 
pressure. 

In Plate I the eurve marked “ Sag " shows the relation be¬ 
tween the strain in the wire at the point of support, and the sag, 
in a one-foot span with the total load on tin* wire of one pound 
per foot. 

From this eurve the sag in any span can be found when the 
length of span, the total load per foot, and the stress to he al- 
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Platk 1. Sag caleulaUens for suspended wire:; 


lowed in the win* are given. Divide this allowable stress in 
pounds by the span in feet and by the load per foot on the wire, 
This will give the stress at I,he support on a span one foot long, of 
the same shape, having a loading of one. pound pm* foot. Prom 
the sag curve on Plate I then read the sag (abscissa) correspond 
ing to this stress (ordinate), which is the actual sag for throne* 
foot span. This sag multiplied by the span will be the sag in 
feet of the actual span. 

In case the sag is given instead of the stress, the corresponding 
sag for the one-foot span may be obtained by dividing the given 
sag by the span, both in feet, and the stress for a one foot span 
may be obtained from the sag eurve. From this the stress in the 
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actual conductor may be obtained by multiplying by the span 
in feet and the load on the wire in pounds per foot. 

To determine the effect of change in temperature, find the 
length of the wire in the one-foot span (abscissa) shown on the 
length curve on Plate; I as corresponding with the stress in the 
wire (ordinate). It should be noted that the sag and the length 
curves in Plate I have the same ordinates, namely, the stress 
values. Since the wire may be assumed to be fastened at the 
supports at the original temperature and sag chosen, no subse¬ 
quent slipping will occur, and any subsequent change in tem¬ 
perature will tend to change the length of the wire by expansion , 
and consequently to change the sag. Since the sag is extremely 
sensitive to the length of the wire, even the very small changes 
in length resulting from changes in temperature will be im¬ 
portant. But with every change in sag there is an important 
change in stress, which will change the amount of stretch in the 
wire due to the stress. These two effects are simultaneous and 
are closely interrelated, and must be considered together. Hav¬ 
ing given the stress and having found the length of wire for the 
corresponding one-foot span, the length of wire without stress 
may be calculated from the modulus of elasticity M\ viz., by the 

formula, the elongation or stretch . If this unstressed 

length be marked on tin* axis of .V in Plate 1 as at P tt a straight 
line connecting this point with the point on the length curve 
corresponding to the actual stress, as already determined, will he 
the stretch curve of the win* with stress. Such a line is. market! A. 

On the other hand, if it be assumed that the stress remain 
constant and the temperature change, the wire will change in 
length proportionally with the temperature change, in ac¬ 
cordance with its proper coefficient of expansion. If it be as¬ 
sumed that, the sag be desired for every 20 deg. above or below 
the initial temperature, the length of conductor unstressed may 
Ik* calculated fur these several tern pent lures, and these lengths 
marked on the chart on the axis X as /b, /b, /%, etc. These 
points do not represent actual lengths of wire as hung in the 
span, since they are unstressed lengths, hut the actual lengths 
taken by the eonduetor for the different temperatures can be 
obtained by drawing lines, as *'l a , dU, d^ete,, through the several 
points /b, /b tt P if etc., parallel to the line /l, the stretch curve of 
the win* at the initial temperature* which lines will be the stretch 
curves for their respective temperatures. The points of inter- 
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section of these stretch lines with the length curve will give the 
stresses which the suspended wire will actually hare at the 
several temperatures; the sag corresponding for the one-foot 
span can be read on the sag curve from the stress values. The 
sags of the actual span can then bo obtained as before by multi¬ 
plying by the span. 

In some cases where the sag is small the length of win* un¬ 
stressed will be less than one foot, and so will fall off the plot. 
In Plate I, for example this would occur on copper w ire in a 
one-foot span stressed to 12. In such a ease the stretch line can 
be found by computing the stresses required to produce any two 
suitable lengths (as for example, the length under maximum 
stress and the one-foot length) and drawing the stretch hue 
therethrough. 

Such a stretch line is shown at () it in Plate I. 

The effect of the accumulation of ice and sleet introduce!; a 
new condition, since it increases the load per foot on the wire. 
The former stretch curve becomes inapplicable, since if is based 
on a different number of pounds per foot, or load on the wire. 
The stress in the actual wire represented by a given ordinate, 
if produced by a new condition of loading, other things being 
constant, will be changed from that represented by the old 
loading in the ratio of the change of loading,. That, is, if the 
load per foot be doubled, a given ordinate will represent twice 
as great a stress in the actual win*. Therefore the stretch under 
the heavier load can be obtained on Plate I by changing the 
stretch, that is, the increase of length, at any given ordinal**, 
or by changing the stress for any given length in the same pro¬ 
portion as the change in loading. This will give a second 
stretch line, making a different angle with the axis of .V. and repre¬ 
senting the new condition. Such a line for a double loading, is 
shown at B, Plate I, The point where this line intersects the 
length curve will, as before, give the stress in the one-foot wire 
corresponding to the new temperature. Similar stretch liner; 
for the changed loading may Ik* drawn for any temperatures. 
The new stretch line corresponding to the line (> u for the same 
ease of new loading is (L. 

Plate II is similar to Plate I, but is intended for actual numeri¬ 
cal det erminations and is drawn to three scales stilted to different 
classes of work. The curves of sag and stress on Plate II are 
plotted from accurate equations and contain no approximation*;. 
The expansion of metals with temperature and their stretch with 
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stress do not follow the straight line law exactly, and introduce 
a certain error in this as in any method of calculation. 

The middle curves are intended for sags up to about 2 per 
cent, the left-hand curves from about 2 per cent to 15 per cent, 
and the smaller curves in the upper right-hand corner are useful 
in special eases to show the effect of very large sags. If is clear 
from these curves that after the sag has reached 15 to 20 per cent 
there is lit tle reduction of stress by further increase of sag and an 
actual increase of stress soon results. These smaller curves will 
give an indication of the conditions where a wire has to he 
taken down a precipitous place, giving the equivalent, of an 
abnormally large sag. 

Where the height of the two supports is unequal, the length 
of the wire on the two sides of the lowest point of the span is not 
equal. However, the form of the curve and the stresses in each 
part will be the same as if the other part were symmetrical with 
it, If, then, the horizontal distance from the higher support to 
the lowest point of the wire is known, the stress and sag in this 
portion can be determined as though the whole span wore equal 
to twice this distance, If desired, the lesser strain in the other 
portion can be determined in the same manner, dive following 
formulas give the horizontal dist ance from the higher support; to 
the lowest point, of the wire, ,v 5 : 


d X 



X 

v d 


\ d 

t I \ d 


(Bl 


,Y is the span in feet. 

as is the horizontal distance in feel, from the higher support 
to the lowest, point of the wire. 

/ is I lie difference in height of the t wo supports in feet. 

S is the stress in pounds in the win* at the highest support, 
with one pound per fan! land on thr conductor, 

d is the sag in feet measured front the higher point of support. 

Formula (A) is useful when the span and the stress to be al¬ 
lowed in the wire are given, and formula (B) when t he span and 
the sag are given. 

These formulas art* approximate; formula A is correct within 
2 to 4 per cent when neither sag nor difference in heights of 
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supports cXi’cnnis IT) per cent of tlit* spam Formula B lias an 
error of less than I per rent under these eonditions. 

The following examples will make the use of the nirws clear, 
Assume the pi yen conditions to he: 

Size wire No. 00 B. N S. copper. 

Span a00 ft. 

Safe strength of win* 8140 lb. 

Worst conditions. I in. of ice all around the wire, at 0 deg. 

fahr., and wind pressure of S lb. per square foot. 

Weight of wire and ice per foot, 0.040 lb.; wind pressure 
per foot, 0.010 lb.; resultant force per foot 1.40N lb. 
Then the stress on a one-foot, span, for use on Plate 11, 

:m() =4.8. 

1.308X500 


From the curve the sag for the one-foot span in i).t)2N, and 
the sag in the .actual span 0.020X500 13 ft. 

The length of the wire in the one-foot span under these 
worst conditions is 1.001.02. The length unstressed in 

1.00193— ]pup 1 ,00005a, where the modulus of 

elasticity is taken as 10,000,000 a usual value for copper. 
This is the length that would he taken by the actual wire 
as it lies tied on the insulators were it unstressed at this 
temperature, viz., 0 deg. fahr. 

To determine the sags for various conditions when the in¬ 
is removed and no wind exists, determine the load per fool on the 
conductor under the new condition, If tin- weight of the win- 
only is to Ik- taken, giving 0.403 pounds per foot, the ratio of this 


to the ice and wind condition above 


1 .308 
0. 103 


3;. Therefore, 


the stretch, when plotted on the curve at the same ordinate as 
for the ice and wind condition, would he red need in the 
same proportion, giving a length 1.000(132 instead of 1,00103 as 
before. The new line showing the stretch curve of the wire for 
the no-ice or wind condition must, now he drawn from the point 
l\ on the axis of .V to the new length at the stress 1,8. This 
intersects the length curve at the sires:; 0.8, the sag for which is 
the value sought, viz., 0,018 for the one-foot. spun. 

The effect of temperature ear: he obtained as follows: 

Twenty degrees temperature change will mean a change in 
length of -copper wire, other things remaining the same, of 
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0.0000096X20 = 0.000192 feet on Plate II, using the coefficient 
of expansion 0.0000096. Therefore, the length of wire un¬ 
stressed for various temperatures will be as follows: 

20 deg., 1.000247; 40 deg., 1.000439;60 deg., 1.000631; 80 deg., 
1.000823; 100 deg., 4.001015; 120 deg., 1.001207. By drawing 
lines from the several points on the axis of X, parallel to the stretch 
line already determined, (two draftsman's triangles may very 
conveniently be used for this purpose), a number of points of inter¬ 
section with the length curve will be obtained, giving the follow¬ 
ing stress values: for 20 deg., 6.4; for 40 deg., 6.0; 60 deg., 5.7; 
80 deg., 5.3; 100 deg., 5.0; 120 deg., 4.7. The sags cor¬ 
responding are, for 20 deg., 0.0195; 40 deg., 0.0207; 60 deg., 
0.022; 80 deg., 0.0235; 100 deg., 0.025; 120 deg., 0.0265 on the 
one-foot curve. Sags on the actual span are obtained by multi¬ 
plying by the span, 500feet, viz., for 20 deg., 0.0195 X 500 = 9.75 ft.; 
for 40 deg., 10.35 ft.; 60 deg., 11.0 ft.; 80 deg., 11.75 ft.; 100 
deg., 12.5 ft.; 120 deg., 13.25 ft.. 

Other conditions of stress, as high wind without ice and high 
temperature, may be similarly determined. 

To illustrate a case in which the height of supports is un¬ 
equal, the following example is added: 

Given, high support 40 ft. above the lower; span 500 ft., 
conductor No. 00 copper, allowable stress 3140 lb. The stress 
allowable, divided by the pounds per foot on the wire, assuming 
that the conditions are the same as the ice conditions of the last 


example, is 


3140 

1.308 


= 2400. 


From formula (A) the distance from 


the high support to the lowest point of the wire is 


500 4X2400 

2 + 500 


= 442 ft. Then the span would be 2X442 = 884 ft. if the span 
were symmetrical and both sides like the higher side. The 
calculations for the high side can now be made as before, using 
the span as 884 ft. In determining the effect of temperature 
changes with unequal heights of supports, a certain inaccuracy 
is introduced by the assumption that the length of equivalent 
span remains the same; but this can be neglected, except where 
the conditions require close working. It is evident that the 
effect of temperature changes in such a span will be less than they 
would be in a span twice the value Xi; and more than would 
be the case with a span twice the length of X—xi; that is, the 
distance from the lower support to the lowest point on the wire.; 
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Where the span instead of the stress is given, the formula 
(B) may be used and the rest of the eomputation remains the 
same. 

The sine of the angle made by the wire with the horizontal 
is J the length of wire in the span divided by the strain with one 
lb. per ft. weight, of wire, and may be obtained from the length 
curve. In Plate 1, with the length of wire 1,002, the strain 
1002 

™*1.7 and the sine*” 2 =*0.1 Or, and the angle~ r 0 deg., 7 ruin. 

•1.7 

The sag for this point ~ 0.020") per cent. 

Aio'enuix 

1 he curves of the plates in the present paper are obtained in 
the following manner: 

'I'he equation of the catenary corresponding in position to 
the span wire is 


// / * 

2 r 


where h represents the distance of the lowest point of t lie catenary 
above the axis of A' (not, however, above the ground). 

^ Th « corresponding to any point .v v on this curve is y /,. 
The sine of the angle made by the tangent, of the curve at this 

point with the vertiele is V *"“**. The length of the curve 

from the lowest point to the point (x y) is \ V /;- ,« the 

length shown on the curves. The stress along the wire at the 
point xy is the total weight, (one lb. per ft. assumed) divided 
by the sine of the angle the tangent makes with the vertical, 


\ — ^ —y. I his is a very simple and interesting 

relation. These equations give the basis for all the necessary 
data for the curve. In the actual calculations a number of 
suitable values of // and x were assumed and the other quan¬ 
tities calculated from these equations. These values were re¬ 
duced, of course, to a one-foot span by dividing in each ease 
(except for total length of wire) by 2 .v. In the case of total 
length of wire the length 2 V'y*~h* must, be divided by 2 .v. 

The formulas for supports of uneven height are derived as fol¬ 
lows: 


\ / y- - //'•• 
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Let /1 and k respectively be the lengths of wire from the 
lowest point of the conductor to the higher and the lower points 
of support, and L the total length of the wire. As before 
Xi y i and x» are the coordinates of the wire respectively at the 
higher and the lower points of support, and l equals the dif¬ 
ference in height of supports. 

Prom the general formula for length on the catenary, i\ : 
v vf”-/r and y 1 = \// t 2 +// 2 ; ih = V yT — IT and y«j — \ \L~~Ii} 2 f ■IT 
but yi / — vq, then V/r+//.’- — / = \/(L — /,) 2 + A 2 

- 2 / v7,» + IT = /A - 2 / j A (C) 

But A-yq» \ /,p+7; 2 
Therefore P •— 2 t S — //• — 2 / 1 L and 


/ ..... ^ i ^ 

/l “ 2 + i‘ 


:(-i) 


Since will be small compared with A it may usually be 

omitted. Also, since / and L respectively nearly equal .v and X 
for prevalent values of sag, the latter values mav be substituted 
for the former, giving formula (A) above, viz., 

X . t S 

•Vi t v (At 

Again; sag y { // d. Combining this, with the equation for 
length IT yi* lr t h ^\ } ^ ; combining this with equation 
(C) above, 


i'-- . 'n 


-•('■i/T 


/;■ 2 /, /, 




o v(‘;)(' 
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In this equation only the negative sign of the radical meets the 
conditions of the problem. The quantity / 2 /Z, 2 will always 
be small in practical transmission work, and may be omitted, 
since tf d will always be less than 1. The same substitution of 
.%* for l and X for L may be made as in the case of formula (A) 
and we then have formula (B), viz., 


H'-T) 

which, by an algebraic transformation, equals 

x V d 

Vd-t+Vd 


(B) 


(B) 


It is interesting to note that this latter form is the formula 
derived from the parabolic curve for determining the same 
quantity. 

By the formula already given, the sine of the angle with the 
horizontal made by the wire at the point x y is - 1 -—— as de- 

y 

rived from the catenary equation. But x/y 2 — h 2 is the length of 
wire from the lowest point to the point x y, and y is the total 
strain in the wire with one lb. per ft. load. Therefore, the 
angle can be readily calculated from the plotted length curve 
in the one-foot span, taking for Vy 2 — h 2 one-half the length on 
the length curve. 

The values from which the curves are plotted are as follows: 


Length 

1.0000042. 

Sag 

Strain 

1.0000051. 



1.0000061. 



1.0000071. 



1.0000082. 



1.0000094. 



1.0000107. 

.0.00200.. 


1.00001IS. 



1.0000136. 



1.0000151. 


ko cto on 

1.0000167. 



1.0000261. 


A AO 1 

1.0000372. 


QQ 0071 

1.0000511. 


OQ CTrfto 

1.0000667. 


Oft AA CT A 

1.000104 . 


OA AAflO 

1.000150 . 



1.000266 . 



1.000417 . 



1.000598 . 
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Length 

1.000817 . 

Sag 

. 0 01751 

1.001066 . 

. A A9om 

1.001351 . 

. A A99^9 

1.001668 . 

. A A9AA9 

1.002017 . 

. A A2753 

1.002402 . 

. a Asnn-d. 

1.003754 . 

. A A^757 

1.006680 . 

. a apiai 7 

1.010435 . 

. A AA9R9 

1.015068 . 

. 0 07556 

1.020542 . 

. A 08840 

1.026881 . 

. 0 10134 

1.034093 . 

. 0 11441 

1.042191 . 

. 0 12763 

1.051185 . 

. 0 14100 

1.061089 . 

. 0 15455 

1.083691 . 



Strain 

7.1604 

6.2700 

5.5781 

5.0250 

4.5730 

4.1967 

3.3709 

2.5502 

2.0628 

1.7422 

1.5170 

1.3513 

1.2255 

1.1276 

1.0501' 

0.9879 

0.8965 
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. AND ELECTRIC 
TRANSMISSION LINES 


Itv HAKOl.U MiMiIiH ANI> If. F. THOMSON 

The object, of this pa jut is to present in eoinpaet. form the 
data and lornmlas, together wit h t heir derivations, required for the 
determination of the meehanieal and electric characteristics of 
transmission lines, together with a set of charts whereby the 
various mathematical operations involved may be accomplished 
rapidly and with the minimum effort. The treatment naturally 
falls under two headings, A Meehanieal Characteristics, and 
B Electric Characteristics, Summaries of the working sym¬ 
bols and equations for Bart A and Bart B follow the general 
discussion under these heads. 

A. Mkchanhai, Chakactswistu s 
The following discussion will be limited to the consideration 
of the characteristics of a perfectly flexible wire suspended from 
two fixed points of support. Actual wire spans closely approxi¬ 
mate this condition, particularly wheat the successive spans are 
till of the same length, whether the supporting insulators be of 
the pin or of the suspension type, In the ease of successive spans 
of unequal length the change in tension in the various spans, 
due to the variation of temperature and the mechanical load on 
the wire, will not be* the same in each span and consequently 
such changes will produce a resultant force on the insulator, caus¬ 
ing thereby a slight deflection of the* lop of the tower; or a de¬ 
flection of the insulator only, if the latter is of the suspension 
type. This motion of the points of support will lend to equalize 
the tensions in the various spans. 

■224! 
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In the design of a wire span two problems must be solved: 

1. At what tension (or sag) must the wire be strung in order 
that the tension in the span may not exceed a definite limit 
under the worst conditions of temperature and of mechanical 
loading (due to ice and wind) ?; and 2. What will be the maximum 
vertical sag of the wire for a given variation in loading and tem¬ 
perature? The factors which enter into these two problems are 
the following: 

1. The length of the span. 

2. The material of the wire. 

3. The size of the wire. 

4. The coefficient of linear expansion of the wire. For copper 
this coefficient is 9.6X10 -6 and for aluminum 12.8X10~ 6 7 , the 
temperature in each case being expressed in deg. fahr. 

5. The modulus of elasticity of the wire. The modulus of 

elasticity for copper or aluminum is not strictly a constant, but 
may be assumed as such as a first approximation. For copper 
this modulus varies from 12X10 6 to 16X10 6 , depending upon 
the quality of the wire and upon whether the wire is stranded or 
solid. The former figure is generally used for stranded copper 
wires. For aluminum wire, which is always stranded when used 
for transmission lines, the modulus is equal to 9X10 6 . The 
modulus M is equal to the increase of tension (A T) in pounds 
per square inch required to produce an elongation (AX) of a 
given length of wire (A) divided by the ratio of the elongation 
to the original length, i.e., X . . 

6. The maximum tension in pounds per square inch to which 
the wire should be subjected. This maximum allowable tension 
is usually taken at one-half the ultimate tensile strength of the 
wire, about 30,000 lb. per sq. in. for copper and\13,000 lb. per 
sq. in. for aluminum. 

7. The maximum external load to which the wire may be 
subjected due to the collection of sleet on the wire .and the 
pressure of the wind against it. This, of course, will depend 
upon climatic conditions, but even for a given section -of the 
country, there is considerable difference of opinion as to what 
should be assumed as a reasonable external load. The Joint 
Committee on Overhead Line Construction has recently recom- 
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mended that the maximum loading for high-tension crossings- 
be taken as that due to an ice coating 0.5-in. thick all around the 
wire, plus a wind pressure of eight lb. per sq. ft. of the projected 
area of this ice cylinder. To meet this requirement on a long 
span, especially with aluminum wire, would require a relatively 
large sag, from 30 to 100 ft., depending on the length of span 
and size of wire. This would require a prohibitive height of 
tower, at least for level country work. For cross country spans 
it would, therefore, seem advisable to assume a less heavy load- 
ing, particularly as an ice coating of 0.5-in. and a wind velocity 
of 60 miles per hr. (corresponding approximately to eight lb. 
wind pressure) will seldom, if ever, exist simultaneously. 

8. The minimum temperature at which the maximum ex¬ 
ternal load occurs. Here again there is considerable difference 
of opinion, even for given climatic conditions. The Joint Com¬ 
mittee on Overhead Line Construction recommends the assump¬ 
tion of a minimum temperature of-20 deg. fahr. for lines situated 
in the northern part of this country. For cross country spans 
the. assumption of a higher temperature would seem more rea¬ 
sonable, in view of the fact that sleet seldom exists on a wire 
when the temperature is much below freezing. 

9. The temperature at which the wire is to be strung. As 
an average stringing temperature 70 deg. fahr. is a reasonable 
assumption. 

10. The maximum temperature to which the wire may be 
subjected. For lines located in the northern part of this country 
a maximum temperature of 120 deg. fahr. is reasonable. It 
should be noted that the temperature of a wire exposed to the 
sun is considerably higher than the temperature of the surround¬ 
ing air. 

The interrelation of these various quantities in the case of a 
wire suspended from two fixed points of support will be consid¬ 
ered in detail. 

Determination of the Ratio (K) of the Resultant Force 
on the Wire to the Weight of the Wire 

The total force on a span of wire under any condition of me¬ 
chanical loading consists in general of three components: 1> 
its own weight, 2, the weight of the ice coating, and 3, the force, 
acting on it due to wind pressure. It is usual to assume that thfe 
wind pressure is horizontal, although it may have a considerable 
vertical component, particularly if the span is parallel to'the 
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base of a steep hill. The other two components of the re¬ 
sultant force on the wire are vertical. 

Let w = weight in pounds of one foot of the wire. 
d = diameter of wire in inches. 
i = thickness of ice coating in inches. 
v = wind pressure in pounds per square foot perpendicular 
to the wire. 

K = ratio of total force on the wire to weight of wire under 
these same conditions. 

The vertical force in pounds on one foot length of the wire 
under a given mechanical load is then 

w+ f 4 ? 4 - f [(^+2 i) 2 -i 2 ] =«H-1.24 i (, d+i ) 

where the weight of ice is taken as 57 lb. per cu. ft. (Tests 
show that the sleet formed on a wire weighs less than this, due 
probably to air bubbles in it—this figure is, however, on the safe 
side.) The horizontal force acting on one foot of the wire is 

{- 2 (d+2i) ' 

The resultant force acting on one foot of the wire is.then 
yj («-+1-24 i 0 i+i)J + (L^±?±)) 2 
and therefore the value of the ratio K is 

The values of this ratio K for the various sizes of wire between 
1,000,000 circular mils and No. 6, B. & S. gage, for both copper 
and aluminum, for no ice and for ice thicknesses of |, •§ and f in., 
and for wind pressures from 0 to 12 lb. per sq. ft., are plotted 
on Chart No. 1. On this chart is also given a short table showing 
the relation between indicated wind velocity and pressure per 
square foot. The latter is deduced from the formula given bv 
H. W. Buck in the Transactions of the International Electric 



nni| /'AM .v,v miss tox uxks 221; 

t HHH; fIns formula is that the wind pressure in pound: 

I mu' square loot of projected arm of a round cylinder of diameter 
d\ |»r«»du« •••« i by an actual wind velocity of I' miles per hour is 
U.000121 PM/|., 

d Ht Ky( \\TIO\S OK \ WlRK Sl*.\\ 

In the tullowinp di ;etj * -ion tin* wind pressure will he assumed 
perpendicular fo the vertical plant* through the two points of 
support and the pressure per foot of wire in t he di root inn of tin* 
wind will he assumed constant at all points irrespective of tin* 
auple between the wire and the direction of the wind. This 
assumption is not strictly realized, since the wire near the points 
of support will make an anple oj less than 00 dep. with the direr- 
fion of t he wind, and therefore to obtain an exact, solution the 
wind fire:.utre should he re-.ol ved into its two components, one 
acting in the direction o|, and the other perpendiettlar to* the 
wind, Since the anplr between the wire and tin* direction of 
the wire is in general very nearly P0 dry., the assumption that 
the wind pressure* actually exerted on the wire is equal to the 
pressure which would be exerted were the wire in a vertical 
plain* normal to the wind will not introduce an appreciable error, 
in comparison with the variation* in tin* wind pressure which 
will occur due to the actual variation in wind velocity at, dif¬ 
ferent pails of the *.pan, 

Ida* penn a! case of" the point sot support at different elevations 
will also be considered, and the wire will be assumed to lie in a 
plane through the two points of .support parallel to the direction 
of the resultant fore* This ns,sumption is not strietly realized 
when there exists a combination of wand pressure with the two 
points of support at different elevations, but is strietly true in all 
cases when the points of support are at the same elevation, and 
m the hauler ease ytvrs a solution ns nearly correct as ran In* 
obtained without an elaborate analysis* 

Fiy.. 1 is a diagram of a span of wire in perspective. This 
diagram shows the general ease when the points of support are 
at different elevations and when there is a horizontal com pi meat 
of t|»e force (wind pressure) aetiuj* on the wire. Fin. 2 shows 
onlv the plane A H R /i which is the plane in which the wire lies. 
When there is no wind this plane is vertical, 

The plane J A /* H h determined by the line A H and the di¬ 
rection of the resultant external force, The planes A HR and 
/$ R V are determined bv the two components of the resultant 
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force. A G is drawn in the plane A E F B through A per¬ 
pendicular to the resultant force. EOF is drawn in the plane 
A E F B perpendicular to the resultant force and through the 
point 0 where the wire is also perpendicular to the resultant force. 
Let /=tension in pounds at any point P of the wire. 

a = angle between the tangent to the wire at this point 
and the line A G drawn perpendicular to the re¬ 
sultant external force. 


B 



Fig. 1 

F= tension in pounds at the point 0 where the wire is 
perpendicular to the resultant force. 

x — the horizontal distance between the point P and the 
point 0. 

y = perpendicular distance from P to the line 0 X. 

X = length of wire in feet from 0 to P. 
d X = an elementary length of the wire in feet at the point P. 

K w = resultant force in pounds acting on a one-foot length of 
the wire due to its own weight, the weight of the ice 
coating and wind pressure. 
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m = weight in pounds of a bar of the conductor material 
one foot long and one square inch in cross section. 
(For copper m = 3.85; for aluminum w = 1.16). 

T = tension in wire in thousands of pounds per square inch 
at the point 0. 

Acting on the elementary length d A are three forces in the 
directions indicated. The resultant of these three forces must be 
zero. Hence, resolving these forces parallel to 01 and 0 Y 
respectively, we have 

(f+df) cos ( a+d a) — /cos a = 0 
(f+df) sin (a+d a) —/sin a—K w d \ = 0 



But since d a is an infinitesimal angle its cosine is unity and its 
sine is equal to d a. Hence, 

cos ( a+d a)—cos a — sin a d a 

sin {a+d a) =sin a+cos ad a 

which, substituted in the above equations, give 

cos a df—f sin a d a = 0 

sin a d f+f cos ada=Kwd\ 

which may in turn be written 


d (f cos a) =0 

(2) 

d (/sin a)=K w d\ 

(3) 
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Integrating these two equations, we get 


f cos a = F 


and 


/sin a=K w X 


( 4 ) 

( 5 ) 


Equation ( 4 ) shows that the component of the tension per¬ 
pendicular to the resultant force is the same at all points of the 
wire. Equation ( 5 ) shows that the component of the tension at 
any point of the wire in the direction of the resultant force on the 
wire due to its own weight and external load is equal to the value 
of this force acting on that portion of the wire between this 
point and point 0 at which the wire is perpendicular to the re¬ 
sultant force. The ratio of ( 5 ) and ( 4 ) gives 


tan a — 


K w X 
¥~ 


( 6 ) 


This equation involves only the constants K, w and F and the 
angle a and distance X; the two latter depend only on the shape 
of the curve in which the wire hangs. By substituting for a 
and X their values in terms of the coordinates .r and y, we can 
obtain the equation of this curve in rectangular coordinates. 
In ( 6 ) substitute g = tano: and differentiate with respect to x; 
this gives 

d q K w , 

111 / — = —=— a x 

. Vl+2* F 


The integral of this equation is* 


q = sinh 


K iv x 

~jr~ 


*For any argument u the hyperbolic sine is 


( 7 ) 


sinh u — - 


and the hyperbolic cosine is 


cosh u — 


e u -he~ 


Chart No. 5 shows the relation between u, sinh u y and cosh u. 
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value fan tx 


and integrate*; this gives 


Tlii- is dn- equation of the eurve in which tin* wire* han^s; it i: 

I hr equal U »!i t »f I hr « a! euui'V. 

Tim ifufiou in 1 6 i of tin* value of </ Ian a* given by 17i 


* /* t h w x 

A f , sum t , 
a ve r 


whirls f. an expression ft if the lengt h of win* X from O to the point 
/* in terms m| the eruTespun ding distamr x measured along t he 

lint* 11 X * 

Sinn* the weight ve of the wire per foot is equal to its erne; 
see*ion multiplied by the weight, m of a rod one foot long and one 
•tftiarr iueli tu rmss ret lion, and shire the tension in pounds F 
is equal lo the rross sent ion of the wire multiplied by 1000 times 
the feu-,ion T in thnneumls of pounds per square inrh, 


/• lotto r 


ilrttre eqitatiou f8i uuv he written 


1000 T f 
v ■ rush 

a m 


i K m x X . | 

VHH'Miyy J 


ami <9i may hr \vriUt*ii 


, Hhhi/ . 

A Mllll 

A m 


/ K HI X \ 

V UHH» r/ 


i'hr ih**!ir «'u'itiu* mI aii itt’Ktmiail « may he eKpaminl 

illl'i I hr series 


, . . M 5 . U* , «* 

r »;.h H ' i j S 41 ^ ft| 


4 
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and the hyperbolic sine into the series 


sinh u = u 



M 5 U 

5! + TT 


Therefore 


cosh u — l- 

2 V 12 



) 


sinh u = u (1 -|—~ ^ 

V 6 ^ 120 ^./ 

Hence, for u <0.48, we may write, with an error of less than 2 per 
cent, 

cosh u — l = —— 

z 

Also, with an error of less than 0.05 per cent, 


Hence for 


sinh u — u 




) 


K m x<480 T 


( 12 ) 


equation (10) may be written, with an error of less than 2 per 
cent, 


___K m x 2 
y ~ 2000 T 


(13) 


which is the equation of a parabola. In all practical cases, 
except for extreme conditions of loading or for very long spans, 
t e condition (12) is satisfied, and therefore for practical work 
the equation of a span of wire may be represented with s uffi cient 
accuracy by the parabola (13). 

Under the same conditions, equation (11) for the length of 
wire between 0 and P may be written, with an error of less than 
0.05 per cent, 


x =*[>-h (s§; y ] 
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But from (13) 


Kmx _ 2 y 
1000 T~~ * 


Therefore, to the same degree of accuracy, 

\ = x+§ (H) 

Deflection and Sag. 

From the above equations the deflection and vertical sag of 
the wire for a given tension T and loading factor K may be 
deduced readily. In addition to the above symbols, let (see 
Figs. 1 and 2) 

1 =length of span in feet; i.e., the horizontal distance be¬ 
tween the points of support. 
h = distance A G in feet. 

U = distance E 0 in feet. 

D = deflection in feet of the point 0 from the horizontal line 
through the two points of support when points of 
support are on the same level. 

^_100 J D_ percentage deflection when points of support are 
l 

on the same level. 

K' = ratio of vertical component of external force to weight of 
wire (K' is the value of K when there is no wind). 

5 = = vertical sag corresponding to the deflection D. 

K. 

h = difference in elevation in feet between the two points 
of support. 

72 . 1 = the distance B G. 

j) i = deflection in feet of the point 0 from the line A G (Figs. 
1 and 2.) 

5 1= vertical sag in feet corresponding to the deflection D i. 
From equation (13) and Fig. 2, 


y a = Di = 


y b = Di+hi = 


(15) 

2000 T 


K m (h~d°L (15a) 

2000 T 


and 
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Subtracting we get 


K m 
2000 T 


(It- 2 k k) 


or 



2000 Th l ~1 

Kmh 2 J 


(16) 


The relations between h and l and between h x and h may be 
deduced from Fig. 1. The plane BCG is perpendicular to 
A C and therefore perpendicular to the plane A C G. Also 
the angle B G A is a right angle. Hence the angle B G C is a 
right angle. Therefore 

hi=h cos 

K 


Also, A C is perpendicular to G C, since A C is perpendicular to 
the plane B G U; therefore 


h=^ / P+h 2 sin 2 .3 =/ + P J 


The ratio of h to l in any practical case will not exceed 0.25 
and the angle /3 will not exceed 45 deg. Hence h will differ from l 
by less than 2 per cent. As a first approximation then we may 
write equation (16) 


h 


1 r. 2000 T K' h 1 

2 L K*mP J 


(16a) 


For h — 0, that is, for the points of support on the same level, 

l o = Y’ the point 0 is then at the center of the span. Hence, 
for points of support at the same level, 

n _ K ml 2 

D 8000 T ( 17 ) 


The percentage deflection is then 


. K ml 
P 80 T 


( 18 ) 



TENSION and DEFLECTION CHART—NO. 2 


1 
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Chart No. 2 gives the value of this percentage deflection for both 
copper and aluminum for the various values of (K l) and T which 
are likely to arise in practise. The vertical sag corresponding 
to D is 


For a difference of elevation h we then have, from (16a) and 

(17), 


f'i- K -' h 1 

L 4XZ>J 


D is the deflection corresponding to the same length of span, 
same tension, and same loading but the two points of support at 
the same elevation . Substituting (19) in (15) gives 


_n K 'J_Y 

1 D V 1 4 KDJ 


and the vertical sag corresponding to D i will not exceed 
o K’Di 


(An inspection of Fig. 1 will show that the vertical sag may be 
slightly less than this; formula ( 21 ), however, is on the safe side.) 

From equation (19) it is seen that the distance of the point 0 
to the lower point of support becomes negative when 


AKD 


This means that when h < the point 0 lies outside of the 

span; i.e., the wire has a continuous upward slope from the lower 
to the higher support. This condition is illustrated in Fig. 3. 
Since the vertical force downward on the insulator due to the 
wire between A and B is equal to K r w Z 0 , if Z 0 is negative there 
will be an upward pull at A. 

If this force is greater than the downward pull due to the span 
on the other side of this support, the resultant force on the 
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insulator will be upward. In laying out a line this condition 
should of course be avoided by relocating the poles. 

When the point 0 coincides with the lower point of support, 
/o = 0, and the horizontal distance between 0 and the higher 
point of support is equal to the length of the span 1. Hence the 
El 7TI % 

greatest value of Jqqq^ ( see equations 10 and 12) for any point 


K ml 

m the span is equal to and this in turn is equal to 

8 p . 

jqq where p is the per cent deflection which would be produced 
by the same tension and loading were the points of support on 


B 



the same level (see equation 18 ). Hence the condition that 
the approximate equations ( 13 ) and ( 14 ) may be applied is that 


p<Q per cent 


Hence the maximum error which can arise from the use of 
Chart No. 2 for the determination of deflection and sag is less 
than 2 per cent. 


Effect of Variations in Temperature and Mechanical 

Loading 

We wish next to determine how the tension and deflection of 
a span of wire varies when the temperature of the wire changes 
and when the mechanical load on the wire changes (due to the 
formation or melting of the sleet and changes in wind pressure.) 
We shall assume that the points of support remain rigidly fixed. 







1911 ] 


TRANSMISSION LINES 


2255 


Let 

/ = temperature in deg. fahr. under any given set of con¬ 
ditions. 

T = tension at 0 in thousands of pounds per square inch 
under these same conditions. 

K = ratio of resultant force on wire to weight of wire under 
these same conditions. 

K' — ratio of vertical component of resultant force to weight of 
wire under these same conditions. 

Xj= length of the wire in feet under these same conditions. 

t Q , T q , K 0l Ko', \o designate the same quantities for any other 
set of conditions. 

a = coefficient of linear expansion of the wire per deg. fahr. 

M —modulus of elasticity of the wire in (pounds per square 
inch) units. 

Other symbols as above. 

Prom equations ( 14 ) and ( 15 ) and Figs. 1 and 2 we have that 
the length of the wire in the span under any conditions of tem¬ 
perature and loading is 


Xi = Zo+f ——^—j—/ — / 0 -f- § 
h 


t D 1 +h 1 y 
l-l o 




[Zo 3 +(Z-« 3 ] 
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From ( 18 ) 


K ml _ p 
200CTT~25 


where p is the per cent deflection for the same condition of tem¬ 
perature, loading and tension, but for points of support on the 
same level. Hence the expression for X t may be written 




Similarly, for any other conditions of temperature and loading 
the length of the wire is 


Xo = f fl + Jk 


■* m -)■] 


Hence the change of length due to the change in temperature 
and loading is 




If the points of support remain fixed this change of length can 
result only from a stretching (or contraction) of the wire due to 
change in tension and to an expansion (or contraction) of the 
wire due to change in temperature. This change in length may, 
therefore, also be expressed in terms of the temperature coeffi¬ 
cient a , the difference of temperature t-t 0 , the modulus of elas¬ 
ticity M, and the change in the resultant tension in the wire. 

The resultant tension in the wire, at any point a distance X 
measured along the wire from the point 0, is equal to 


T'=Vf^+{Kw\y = 



See equations ( 4 ) and ( 5 ). 
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The maximum value of T' for a given value of T will occur at 
the higher point of support, i.e., for 


X — /—/o — + 


K' h_ 1 
4 KD J 


See Fig. 1 and equation ( 19 ). Also, from equation ( 18 ) 

K ml _p 
20fHi 7' — 25 


whence the maximum value of T' is 

<“> 

The maximum value of p likely to arise in practise is 6 per cent, 

and the maximum value of h is (lowest point of the wire 

coinciding with lower point of support), and hence the maximum 
value of V likely to arise in practise is 

r=i.iiT 

The limiting case of a 6 per cent deflection rarely occurs, and 
even in this case the resultant tension is equal to the higher value, 
1.11 T only at the higher point of support; for the greater part 
of the length of the wire the resultant tension is sensibly equal 
to the tension T at the point 0. Hence in calculating the stretch¬ 
ing of the wire by the resultant tension we may take, as a dose 
approximation, the resultant tension at every point equal 
to the tension at 0. 

The change in length due to a change of temperature from 
to to / is 

CL (t to) \i 

and the change in length due to a change in tension' from T 0 
to T is 

1000 (T-T 0 ) \i[l+d.(t-to)] 

M 

But since the coefficient of expansion a is a very small quantity 
(°f the order of IQ -1 *) the teprq a (#— to) may be neglected in 
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comparison with unity for any value of t — to likely to arise ' t%% 
practise (t — t 0 will never be greater than 150 deg. fahr.). Hen ci * 
the total change in length (Xi — X 0 ) may be written 

x ,- x ,-[ a «-<,)+ 1000 g - r J ] X , 

Again, for p <6 per cent, Xi will differ from l by less than one pt* r 
cent (see equation 23); hence, with an error of less than one pc*** 
cent, 

x,-x 0 -[.( < - < .) + ;°°o. . tr-r.) ], (25 , 

Equating (23) and (25) we have 



3.75X10 6 r \ / , 3.75X10 6 r 0 \ 

— u —rr- m / 


&[(■£.)■-(£)■]} 

For the points of support on the same level (h = 0) or for m * 

K * K r 

change in the position of the plane of the span (= -=?-; a par 

ticular instance of which is no wind pressure, in which case tht* 
plane of the span remains vertical), this equation reduces tit- 

3.75X10 6 F\ ( ut> 3.75X10 6 T 0 \ _ 

[ft m / M y —3750<z(/ to) (271 


Hence, when the tension T 0 at temperature / 0 and the loading* 
factor Ko are known, the tension T at any other temperature £ 
and loading factor K may be determined by solving this equation 
for T , after substituting for p and p Q their values 


. Kml 
P 80 T 


and po — 


Ko m l 

"80T7 


This equation, however, is a cubic in T, and its solution by alge ¬ 
braic methods is extremely difficult. By making use of Chart, 
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No. 2, however, its solution may be obtained without any 
arithmetical computations whatever other than a simple multi¬ 
plication.* 

The curved lines on this chart give p 2 as ordinates (actual 
vertical distances equal p 2 ; the scale on the left of the chart gives 
p, which is the square root of the vertical distances) against T as 
abscissas. The numbers on the curves give the corresponding 
value of (K l). Two scales for the tension T are given, one for 
copper and one for aluminum, this arrangement making possible 
the use of the same set of curves for both materials. The three 
heavy straight lines at the base of the chart are drawn so that 
the ordinate (actual distance) of any point on any one of these 
lines is equal to 

3.75 X10 6 T 

' M ' 


where T is the abscissa of this point on the proper tension scale 
and M is the modulus of elasticity of the wire.f 

The small vertical scales in the lower left hand comer of the 
chart marked “ Temperature Correction ” are laid off so that the 


vertical distance between 
is equal to 


any two temperature marks t and t 0 
3750 a (t — t Q ) 


Summary 

The method of solving equation (27) by means of Chart No. 2 
is given below. First, however, a summary of the working 
symbols will be convenient: 

1 = length of span in feet. 

h = difference in elevation of points of support in feet. 

*The physical constants for copper-clad steel wire whose conductivity 
is 40 per cent of that for the same size of copper wire are: 
a =6.7 X 10“ 6 per deg. fahr.; Af = 22 X 10 6 lb. per square in.; m = 
3.58 lb. per ft. The additions to Chart No. 2 for operating with this wire 
are as follows: 

1. Tension scale equal to 0.93 of copper tension scale per in. 

2. Modulus guide line through the origin and the point p — 2.8, 
Fcopper = 50. 

3. Temperature correction scale equal to 1.43 of that per in. for copper. 

fA serious objection to another graphical solution for calculations of 

this sort which was published by one of the authors in the Electrical World , 
Sept. 28, 1907, was the necessity of a separate guide line for every length 
of span. This difficulty has been obviated in the above, method. The 
angular location of the tension axis in the present form of chart was sug¬ 
gested by Mr. R. S. Brown of Telluride, Colo. 
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'To = the tension at the point 0 (Figs. 1 and 2) in thousands of 
pounds per square inch under any given condition of 
temperature and loading. 

t 0 = temperature in deg. fahr. when the tension is T 0 . 

A 0 = ratio of resultant force due to weight of wire, weight of 
ice and wind pressure, to weight of wire (Chart No. 1) 
when the tension is T 0 . 

Ko' = ratio of the vertical component of this force to weight of 
wire when the tension is T (K' 0 = value of K from Chart 
No. 1 corresponding to the given size of wire and the 
given thickness of ice, but no wind.) 

T = tension in thousands of pounds per square inch for any 
other condition of temperature and loading. 

/ = temperature in deg. fahr. when the tension is T. 

K — ratio of resultant force due to weight of wire, weight 
of ice and wind pressure, to weight of wire when the 
tension is T. (For no ice and no wind K= 1.) 

K' = ratio of the vertical component of this force to weight of 
wire when tension is T. (For no ice and • no wind 
K' = 1). 

D = deflection in feet of the lowest point of the wire from 
the line through the points of support when the tension 
is T and the points of support are on the same level. 
D is measured in the plane of the curve in which the 
wire hangs. 


p — — j~ = per cent deflection corresponding to Z>. 

A = vertical sag in feet of the lowest point of wire below the 
points of support when the tension is T and the points 
of support are on the same level. 

Di = deflection in feet of the point 0 from the line A G (see 
Figs. 1 and 2) when the tension is T and the points 
of support are not on the same level. (For h — 
4 K D 

— the lower point of support is the lowest point of 
the wire.) 

Si = vertical sag in feet of the lowest point of the wire below 
the lower point of support. 

a = temperature coefficient of wire when temperature is 
expressed in deg. fahr. (for copper a = 9,6Xl0“ 6 , for 
aluminum a — 12.8 X10 -6 ). 
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I o fuul the tension T and the corresponding deflection and 
sag when /, /?, 1 «, /«, Ao, AV, /, /v and A' are given, ('hart No. 2 

K» j\ ' 

is used as follows, when „ -= 0 • 

A A,, 

1. On a straight strip of paper mark a reference point A 
and vertically above this point mark a second point B such that 
the distance A B is equal to / — measured on the temperature 
scale. 

2, Next place the si rip of paper with its edge along the ordinate 
passing through the tension 1\ and make the point A coincide 
with the intersection of. the edge of the strip and the curve marked 
with the number equal to (A,, /). Mark on the strip the point C 
where the heavy straight line marked with the proper modulus 
M intersects the edge of the strip. 

2. Keep the strip of paper vertical and slide the point (’along 
the modulus line until the edge of the strip at B intersects the 
curve marked with the number equal to (A/). The abscissa 
of the point B is then equal to the tension / corresponding 
to the temperature / and loading factor A. 

The ordinate of the point B (read on the vertical scab* on the 
l<‘fl) is the per cent deflection p corresponding fo (his tension 7‘ 
and loading factor A when the points of support are on i he same 
level. Then the corresponding delleetiou in feet is 

M pi 

P t9.R i 

and the vertical sag is 

S 


100 

k* n 


If the difleirnu* in elevation of. the two points of support is ft„ 
the deflection of the lowest point of the wire is 


n , /> (i h N y 

\ t K I) ) 

and the vertieal delleetiou is 

*-*(' f£.) 


130 * 


31 ) 
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The deflection and sag corresponding to To are calculated 
in exactly the same manner from the per cent deflection po 
corresponding to the tension To and the loading factor K o; 
whether the sag corresponding to T will be greater than that cor¬ 
responding to To will depend upon the temperatures and loading 
factors. 

In case the points of support are not on the same level and 
there is a change in the direction of the plane of the wire, (i.e., 

—the new tension T must be found by solving equa- 
& K o / 

tion ( 26 ). This can also be done by means of Chart No. 2, for 
the term 


h 

7JLV _ 


2 a l 2 

_U ) 

lifo / J 


is equivalent to a decrease of temperature numerically equal to 
this expression. Hence the only change in the procedure de¬ 
scribed above is to consider the temperature rise not as t — t 0 , 
but as 




The rest of the procedure is exactly the same as before. This 

K ' K r 

correction due to the difference between -=?- and —=r- may be 

o JA 

important, particularly in passing from the condition of no ice 
and no wind to the condition of ice and wind, for in the latter 


case 


( K t \ 

J may be as great as | (45 deg. deflection of the plane 


of the wire from the vertical) whereas for the former 


K' 

K 


= 1 . 


Similarly, in the reverse problem of passing from the condition 
of ice and wind to the condition of no ice and no wind there will 
be a like correction, but the formula without this correction 
factor will give results on the safe side. 

It should also be noted that the maximum resultant tension 
in the span under any condition of temperature and loading is 
not equal to the tension T at the point 0 but in general is equal to 


r=r J 1+ ^L h +_M1V 

\ ^ 625 V 4 KDf 


( 33 ) 
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| 


(see equation 24). Similarly, the maximum resultant tension 
under the “ zero ” conditions is 




(33 o) 


Example 

Given a No. 0 B & S aluminum wire; l = 200 ft.; T 0 = 13; 
(t - to) = 70 deg. fahr. for § in. of ice and 8 lb. per sq. ft. of 
wind Ko = 11.6; Ko' = 6.7; for no ice nor wind K = K' = 1. 

Then h = 0.0 ft. h =10.0 ft. 


(t-t Q )~ 


* im -(wj 


Kol . 2320 2320 

Kl . 200 200 

p o. 2.58% 2.58% 

. 5.16 ft. 2.68 ft. 

■So. 2.98ft. • 1.55ft. 

T . 1.28thou- 1.92thou¬ 

sand lb. sand lb. 


P . 2.27% 0.49% 

D . 4.54ft. 0.9 ft. 

5. 4.54 ft. 0.9 ft. 


B. Electric Characteristics 

When a given amount of electric power is transmitted over a 
transmission line to a substation or other receiver, a certain 
amount of power is lost in the line. There is in general a difference 
in the voltage between wires at the two ends of the line, and the 
power factor at the sending and receiving ends will be dif¬ 
ferent. The power loss, voltage loss, and change in power 
factor in general depend upon the following factors: 

1. The amount of power delivered. 

2. The voltage at which the power is delivered. 

3. The power factor at the receiving end. 

4. The frequency of the system. 

5. The kind of line—three-phase or single-phase. 

6. The length of the line. 

7. The size of the wires. 

8. The material of the wires. 












PEXnKR AXP nioMStrX: 


D. The temperature of thr wires. 

10. Tin* arrangement of the wins; *n i tin* pole,;; particularly 

their distance apart. 

The interrelation of these* various factors will lie ninsulern 1 
in detail. 

KkSISIANCK, RKACTANCK AM) t \\pvrl 1Y, St S* ’I'.f’T A \ < J, AM) 

Lkakaok 

For wires of the size ordinarily used in practise and lor auv 
frequency up to 60 cycles, the resistance of a solid win* per unit 
length depends solely upon the material of the wire and it . cm ss 
section. A stranded cable 1ms a slightly greater re-.isiaiuv than 
a solid wire, due to the spiralling of the individual wire:, which 
made up the cable. In llu* table on ('hart No. 8 are given fin* 
resistance and weight per mile of both copper and aluminum 
for the various sizes between a No, {6 and 1,000,000 circular 
mils. Tins table is calculated for a temperature of 20 dec. cent, 
( — 68 deg. fahr.), assuming a temperature coefficient of 0,12 per 
cent per degree centigrade; the conductivity of copper is talmn 
as 68 per cent and tin* conductivity of aluminum a ; 62 por rent 
of MatthiesscnV standard; and the resistance ami the weight of 
the stranded wires are taken one per cent greater than for soli*I 
wire of the same cross section. 

The reactance of a wire in ohms is equal to 2 ir / A > 10 ;i , 
where/is the frequency and A the self-induction in milliheurv 
The self-induction of a round solid wire of radius a inches whet* 
the ret,urn wire is parallel to it and at a distance P incite 1 trout if 
(center to center) is 

L 0.7*111 log jo ^ - | O.OKOa millihenrvs per mile, 
a 1 

This formula applies also when the ret urn circuit consists of two 
wires each of which is at a distance P front the win* in ques 
lion; that is, the above formula gives the inductance per mile of 
each win* whether the system is single phase or three phase, pro 
vided in the latter ease the wires arc arranged symmetrically 
(/s’., form the three edges of an equilateral prism). The in 
duetancc of a stranded wire is practically equal to that of a 
solid wire of the same cross section of conducting material; 
for a given number on the B, & S. gage nr for a given area 
in circular mils the inductance is therefore independent of 
whet her the wire is solid or stranded, 
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The value of the inductance per mile of wire for various sizes 
of wire and for various spacings is given on Chart No. 3. This 
particular form of chart arises from the fact that the inductance 

depends only upon the ratio —; consequently, all combinations 

of sizes and spacings for which this ratio is constant give the 
same value of the inductance. The reactance for both 25 and 
SO' cycles is also given on Chart No. 3. 

The capacity susceptance of a wire in ohms is equal to 2 7 r f C 
X10 — ®, where / is the frequency and C the capacity in micro¬ 
farads of the wire to neutral; the susceptance of a wire is the 
ratio of the charging current to the volts to neutral. The ca¬ 
pacity to neutral of a round wire of radius a inches when the 
return wire is parallel to it and at a distance D inches from it 
(center to center) is 


0.03883 
,~ D 


microfarads per mile, 


provided — is greater than 12* and the distance from the wire 

CL 

to all other conductors is large compared with D. This formula 
applies also when the return conductor consists of two wires 
each of which is at a distance D from the wire in question. That 
ls, the above formula gives the capacity per mile of each wire 
whether the system is single-phase or three-phase, provided the 
wires are at a great distance, compared with D , from all other 
conductors (i.e., overhead lines) and provided that in the case 
of a three-phase system the wires are arranged symmetrically 
[i.e., from the three edges of an equilateral prism.) The ca¬ 
pacity of a stranded wire is greater than that of a solid wire, 
since its radius is greater. The above formula is not strictly 
applicable to a stranded wire, since the latter-is not round, but 
as a first approximation it may be used. 

In Chart No. 3 is given the capacity of the various sizes of 


*When —<12, the exact formula for the capacity, when the two wires 
a 

ire at a great distance from all other conductors, is 

„ 0.0S941 
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wire on various spacings. In calculating the capacity scale the 
diameter of the wire in each case was taken 15 per cent greater 
than the diameter of a solid wire of the same cross section; 
the ratio of the diameter of a stranded wire to a solid wire is 
approximately 1.15. The proper correction to obtain the ca¬ 
pacity of a solid wire is indicated on the chart. The chart 
also gives the capacity susceptance at 25 and 60 cycles. 

The leakage current between wires under ordinary working 
conditions is negligible. The leakage need be taken into account 
only in the case the voltage is sufficiently high to produce the 
so-called “ corona effect ”. This effect appears only when 
extra high voltages are used and the wires are comparatively 
small. 

The Equations of a Transmission Line. 

Fig. 4 is a diagrammatic representation of a section of a 
transmission line. Each wire of the line, whether single- or three¬ 


-¬ 



phase, may be considered separately, and the return for each wire 
may be represented by a fictitious neutral of zero resistance 
and zero reactance. Let 

P = average watts transmitted past the point Q by all of the 
wires. 

E — effective volts between wires at any point Q. 

F=effective volts between any one of the line wires and 
neutral at the point Q. (For a single-phase line 
E 

V=—; for a three-phase line F= 

li 

(p = power factor angle at Q (<p taken positive for lagging 
current). 

I- effective amperes at the point Q. (For a single-phase 

P P \ 

line I — -; for a three-phase line I — —= -) 

E c os (p * \/3 E cos <p/ 



■i, ., 
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The same symbols with the subscript “ 1 ” refer to the receiver. 
The same symbols with the subscript “ 0 ” refer to the sending 
end. 

1 = distance in miles of this point Q from receiver. 
d l = elementary length of line between Q and S. 
l 0 = length of line in miles. 
r = resistance of wire in ohms per mile. 
x — reactance of wire in ohms per mile. 
g = leakage conductance, one wire to neutral in mhos per 
mile. 

b = capacity susceptance, one wire to neutral, in mhos per 
mile. 

z —= 'v/r 2 -f -# 2 


e = tan _/ - 


77 = tan" 


For the voltage and current sine functions of the time we 
may use the symbolic method. Let V and I be the symbolic 
expressions for the voltage and current respectively. The 
symbolic expression for the impedance per unit length of line is 

z = z (cos e+j sin e) —z e je ( 1 ) 

and the symbolic expression for the admittance of the leakage 
circuit per mile of line is 

y — y (cos rj+j sin 77 ) =y ( 2 ) 

Applying Kirchoff’s laws to the element dloi the line, we get 




1 


-it-? v « 

Differentiating (3) with respect to l and substituting the value 
dl 

of - 77 - from (4) gives 
a l 


1r=y zV 
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The integral of this equation is 


v= 

= A sinh (V y z l f <5 ) 

(6) 

where -4 and 5 are constants ot integration. 


Substituting (6) in 
get 

(4), and integrating with respect in 

I, we 

7 ->l 

1 J, j cosh (\ '.v ~ / 4-5) 

(7) 

Both A and <5 may he complex ; let 1 heir symbolic ex ore 
be 

ssii ill: - . 

Ul 

A ~A (cos <y \ j sin a) A c’“ 

t8i 


(5 0 ) j y 

19,1 

From (1) and (2) 



^yz-Vy^Nt') 

\ y s £ cos ^ P ^ i i sin ^ ’’ 

110 1 

\j 

b# ,,Vl 

Ill I 

Put 

X V 

112* 

m 


1131 

n 

. .. (Vi‘) 

1141 


Then (6) and (7) become 

7 — A sinh |( (i f m /) 1/(7 I >i h\ s 16 1 



A cosh |(jEJ f m t) + i <7 M l)\ 


( 16 ) 
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sinh [(/3+m l)+j (y+n /)] 

: sinh (/3+m l) cos ( 7 +ft /) +j cosh (/3+m./) sin ( 7 +mZ) 


where 


M= Vsinh 2 (/3+m /) cos 2 ( 7 +w /) +cosh 2 (/3+m Z) sin 2 ( 7 +wZ) 


tan jjl = 


tan ( 7 +n / ) 
tanh (/3+m Z) 


Making use of the relations that, for any argument u , 


sinh 2 w = 


cosh 2 u — 1 


cosh 2 u ■ 


cosh 2 «+l 


1 —cos 2 « 


cos 2 u = 


1 +cos 2 u 


the above expression for M may be written 

M=z—^—r V cosh 2 (/3+m /) — cos 2 ( 7 +n /) (18) 

V 2 

Whence, substituting for A its value from (8) and the relation 
(17), the expression (15) for the voltage at any point along the 
line becomes 

V=A M (19) 


In an exactly similar manner, we may- write 
cosh [(/3+m l)+j ( 7 +« l)] = N e jv 


N=-L =r V cosh 2 ('/?+w Z) +cos 2 ( 7 +re /) 
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tan y = tan (y + n /) tanh ($ + m l) ( 21 ) 

Whence the current at any point along the line is 

/ = yj ~ A N c^ n + v (22 j 

Hence the effective value of the voltage at any point is A M or 
V—Aq Vcosh 2 (&+tn /) -cos 2 (7 + w /) (23) 

and the effective value of the current at this point is 

I- yj ~ Ao V cosh 2 O+m /) 4 -cos 2 (7 } n l\ (24) 

where A^ which is a constant yet to he determined, is put 
for The angle by which the current lags behind tin* 

voltage, or the power factor angle <p t is 

A) 

«/u-v-X 

A simple expression for the angle (/i — in may he derived by male 
mg use of the trigonometric relation 


tun (/x —v) 


tun p - tan v 
14 tan /I tan v 


for, substituting for tan p and tan e Uieir values 1mm (17} and 
(21), we get 


tan 3SK 


siri 2 {7 4 n l) 
sinh 2 (/? 1 w /) 


Whence the power factor angle at any point along the line is 


■e-Un-' r **&+»* ]. x 

L smh 2 (/4-|-wr l) J 


( 25 ) 
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The power per phase at any point is then 
P' = VI cos <p 

= yj A q 2 cos <p V cosh 2 2 (/3+m Z) — cos 2 2 (7 +^Z) 

Making use of the relations 

cosh 2 u = 1 +sinh 2 « 
cos 2 u = l— sin 2 w 
we may write this expression 


P'= v — 4 0 2 cos V sinh 2 2 (/3+w Z) +sin 2 2 ( 7 +w Z) 

Prom (25), making use of the trigonometric formula for the 
cosine of the difference of tw r o angles, 

_ sinh 2 (/3+m Z) cos X+sin 2 ( 7+72 Z) sin X 


V sinh 2 2 (j 8 +w Z) +sin 2 2 ( 7 +n Z) 


Whence 


z=\f J 


P'—v — Aq 2 [sinh 2 (j 8 +w Z) cos X+sin 2 ( 7 +ra Z) sin X] (26) 
z 

At the receiver Z = 0 ; and at the sending end l = la. Hence, 
from (23), we have that the ratio of the volts E 0 at the sending 
end to the volts Ei at the receiver is 

Eq _ Vo a / cosh 2 lo)— cos 2 (y+n 4) /tVTX 

y - - “t — r - ( A l l 


Ei Fi 


cosh 2 jS —cos 2 7 


From (24) the ratio of the current J 0 at the sending end to 
current 1 1 at the receiver is 

h = a / cosh 2 (ff+ra Z 0 )+cos 2 ( 7 +n h)_ (()9 , 

Ii cosh 2 ] 8 +cos 27 ' ' 

From (26) the ratio of the power P 0 at the sending end to the 
power Pi at the receiver is 

Po_ _ Po' __ sinh 2 (ft+m Z 0 ) cos X+sin 2 ( 7 +n Z 0 ) sin X , . 
Pi P/ sinh 2 j 8 cos X+sin 2 7 sin X ^ ' 
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We have now to determine the two constants (3 and 7 . From 
(25), putting / = 0, we have 


sin 2 7 , . .. 

si„h2(3“ Un( ' 5 ‘ + X) 


(30) 


and from (23) and (24), putting 1 = 0, and squaring, we have 
Fi 2 = A o 2 (cosh 2/3 — cos 2 7 ) 

— Ii 2 = A{? (cosh 2 /3+cos 2 7 ) 


Adding and subtracting these two expressions and taking 
the ratio of the results gives 

cosh 2 18 I^+y F 1 2 


cos 2 7 z Z 1 2 — 3 / F 1 2 


Put 


; h 1 1 


p = —— = ratio of total line impedance volts to volts de- 

V 1 

livered. 


cr = 


ykJi 

II 


ratio of total line admittance current to current 


delivered. 

Then 

z /i 2 +y Fi a p+a 
z Ir—y Vi 2 p — cr 


whence 

cosh 2 j3 = cos 2 7 

P ^ 

(31) 

From (30) 

sinh 2 /3 — S “ 2 7 N 

tan (<pi*-{-A) 

(31a) 


Squaring and subtracting we get 



27 - 


sin 2 2 7 
tan 2 (<pi + X) 
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Making use of the trigonometric relations 


cos 2 2 7 = 


1 


1 +tan 2 2 7 


sin 2 27 = 


tan 2 2 7 
1 +tan 2 2 7 


and solving for tan 2 7 , we get 


tan 27 = 


2 V p (j sin (<p i+A ) 

p-o- 


(32) 


Note that, from (31) and (31a), sin 2 7 and cos 2 7 have 
respectively the same algebraic signs as the numerator and 
denominator of this fraction. This is important since the 
algebraic sign of the tangent alone does not fix the quadrant in 
which an angle lies. The value of 2 7 may be taken directly 
from the trigonometric scale on Chart No. 3 . (If the second 
member of (32) is greater than unity, use the reciprocal which is 
equal to the cot 2 7 ). From (30) we then have 


sinh 2 13 — 


sin 2 7 
tan (<p! + \) 


from which 2 /3 may be obtained from Chart No. 5 . 


(33) 


Approximate Equations for Ordinary Lines. 

In case the length of the line does not exceed 100 miles when 
the frequency is 60 cycles or 200 miles when the frequency is 25 
cycles the above equations may be greatly simplified by making 
use of an approximation which will not introduce an appreci¬ 
able error in any case likely to arise in practise. 

The simplification results from the following substitutions in 
equations (27) to (29) 


cosh 2 m 1=1 +2 w 2 1 2 
sinh 2 m 1 = 2 ml 


cos 2 n l = 1 — 2 n 2 1 2 


( 34 ) 


sin 2 n 1 = 2 n l 




1911] TRANSMISSION LINES 

Making use of the trigonometric relations 

1 


cos 2 2 y = - 


1 +tan 2 2 y 


. 9 0 tan 2 2 y 

sin 2 2 7=-—- 

Y 1+tan 2 2 y 


and solving for tan 2 y, we get 


2273 


tan 2 7 = 2 . Vp<rsin( ^ +X) (32) 

p-a 

Note that, from (31) and (31a), sin 2 y and cos 2 y have 
respectively the same algebraic signs as the numerator and 
denominator of this fraction. This is important since the 
algebraic sign of the tangent alone does not fix the quadrant in 
which an angle lies. The value of 2 y may be taken directly 
from the trigonometric scale on Chart No. 3. (If the second 
member of (32) is greater than unity, use the reciprocal which is 
equal to the cot 2 y). From (30) we then have 


sinh 2 (3 = 


sin 2 y 
tan (<pi+X) 


from which 2 /3 may be obtained from Chart No. 5. 


(33) 


Approximate Equations for Ordinary Lines. 

In case the length of the line does not exceed 100 miles when 
the frequency is 60 cycles or 200 miles when the frequency is 25 
cycles the above equations may be greatly simplified by making 
use of an approximation which will not introduce an appreci¬ 
able error in any case likely to arise in practise. 

The simplification results from the following substitutions in 
equations (27) to (29) 


cosh 2 m 1 = 1 +2 m 2 1 2 


sinh 2 m 1 = 2 ml 


cos 2 n l = 1 — 2 n 2 P 


( 34 ) 


sin 2 n l = 2 n l 
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where n l is expressed in radians. These approximations are 
accurate to within 2 per cent for 2 ml less than 0.35 and for 
2 n l less than 0.35 radians or 20 deg. 

From equations (31), (31a) and (32) we have 


sinh 2 8 = 


P _ 2 V p cr cos (<ff] + \) cos 2 7 


cosh 2 /3 = cos 2 7 (36) 

p-<r 



Substituting equations (34) to (37) in (27) to (29) we get, for no 
leakage, 

V 1+2 p cos (e — (pi)+p 2 — bx l 0 2 (38) 

rtf 

V 1+2 <r cos (90 — <pi) + a 2 — b x l 0 2 (39) 

-^- = 1 + —— — —b r Iq 2 tan <pi (40) 

P COS if ^ 

It is interesting to note that these last three equations, when 
b is put equal to zero, are identical with the relations which 
follow immediately from the vector diagram, Fig. 5, of the line 
and load when the capacity of the line is neglected. 
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Summary 

In the working formulas given below, the symbols for voltage, 
current, etc., at the receiver will be written without the sub¬ 
scripts, and l will be used to designate the length of the line from 
receiver to sending end. The power will also be expressed in 
kilowatts. The leakage will be assumed zero. 

P = kilowatts delivered to receiver. 

E = volts between wires at receiver. 

K — power factor of receiver. 

<£> = cos”' K = power factor angle of receiver (see Chart No. 3.) 

I — amperes taken by receiver. (For a three-phase line 

1= -J Yek ’ f ° r a smgle " phase lme I= ek /* 

The same symbols with the subscript zero refer to the sending 
end. 

1 = distance of transmission in miles. 

r = resistance of wire in ohms per mile (see Chart No. 3). 

x = reactance of wire in ohms per mile (see Chart No. 3). 

b = capacity susceptance, one wire to neutral, in mhos per 
mile. (See Chart No. 3). 
x 

e = tan -/ -y = power factor angle of the line (see Chart No. 3). 

Z = equivalent impedance of receiver terminal to neutral, 
per mile of line. 

P 

= - - for a three-phase line; 

V3Z/ F 

E 

— 2 i f ^ or a single-phase-line. 

Exact Method. Since the leakage is assumed zero, the ad¬ 
mittance y is equal to b and the power factor angle of the leakage 
circuit is 90 deg. Hence to determine the voltage, current, 
etc., at the sending end proceed as follows: 

First calculate the constants 


_ 90-e 
2 


(41) 


u — 2l A/. t ~ sin X 

sin € 


( 42 ) 





l'}\ XM\ H .1 .V/* THOM Si* V: 


n it i.c»/ V hx .vs ,\ 


, 101 ) /• .... 
tl ,, per rent ratio o! nuirilamr volt 

Z < 'US 6 

1 jeered 


(A • 100 bZr })<t cent rat in of i! iary,i current 
delivered. 


0 U tan 


, [ 2 'hi tP sin iip-\ Xt 


The algebraic si, to is of sin 0 it ami m:; 0„ aiv ivsj x vtivvls flu- 
same as the numerator ami denominator of this fraetiun; i his 
fixes the quadrant in which 0 U lie:;. 


//n sinh ' 


tan {if | A) 


Kn \ /et >sl i ut n -f u 1 et m* t On 1 0) 

li eosh lin ins $,» 


U) ^/eosh (//« | li) ! eos (On | (h 
l eosh w u | eos (l u 


Pn sinh (■//»-1 u) eos X 1 sin 1 () u | th sin X 

P sinh //(i eos X } sin On sin X 

The power factor an^le <f at, the sending end may also he tie 
torn lined directly from tin* formula 


, , r sin (On | (h ] . 

<A>‘” tan . . , , \ X 

L sinh (.w 0 1 n i 


An excellent cheek on the results obtained is to compare 
the value of eos ipo determined from this formula with the 
value of the power faetor calculated from the volta.ee Ah, eur 
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* £tnd power P 0 determined from the three preceding 

(For a three-phase line cos w# = ~ ■ for a 

V3£ 0 /o 

iia.se line cos <p 0 = 


1000 Po 

E 0 I Q 


) 


occimate Method, Neglecting Line Capacity. In the case of 
line {i.e., 10 4 b x l 2 negligible compared with d) the rela- 
^tween the voltage, current and power at the two ends of 
a,re as follows. Let 

LOO E »~ E 


N — =the per cent ratio of the difference in volts 

at the two ends to the volts delivered, i.e., the 
per cent “ volts drop 

I P 0 -P 

1OO —-— = the per cent ratio of power lost in line to 
power delivered, i.e., the per cent “ power loss 


p= V l0 4 +200 d cos (e-(p) +d*-100 

(52) 

d cos e 100 r 

(53) 

9 ~ K KZ 

„ _ 100+g K 

K °-Too+p ■ K 

(54) 


2NT o. 4 giv es a graphical solution of equation (52). The 
"to scale of this chart gives directly the value of the per 
olts drop when the per cent impedance drop d and the 
nee in the power factor angles of the line and load are 
The method of using the chart is described in detail 
chart itself. Each of the curves on the chart was drawn 
thing the values of 

200 d cos (e —<p)+<i 2 

islI vertical distance against d as abscissas; the numbers on 
i*ves give the corresponding values of (€ — <p). The scale 
tiates marked on the left is a square root scale, the nurn- 
[-ving the value of 


VT0 4 +200 d cos (e—^)+<i 2 —100 
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Note that since cos (> - <p) ~ cos — the algebraic sign of 
the resultant angle (e — <p) is immaterial. The curve marked 
with a given number, say 50, is to be used whether e — y* • +50 
or 6 —^=—50. 

Approximate Method when Line Capacity is Taken into Account. 
For longer lines ( i.e when HV 1 h x T is not negligible in com¬ 
parison with d), the following close approximations hold, pro¬ 
vided the length of the line is not over 100 miles for 00 cycles or 
over 200 miles for 25 cycles. Let 

p f =* true value of the per cent volts drop when corrected tor 
capacity effect. 

(/ -= true value of the per cent power loss when corrected for 
capacity effect. 

p'i =100 ^ {) j 1 = the per cent ratio of the difference in the 

current at the two ends of the line to the current 
delivered; i.e., the per cent “ current loss’* (/>, 
will in general he negative for a lagging current at 
the receiver). 

Then 


//= d HH+200 d cos (€-ip)+(P-U) x hxP 100 
Pi'** V 104 + 200 (T cos (ttO + <p) I (</')*-• W hxP 100 
q* = </ — 100 h r P tan <p 

, (100 + 1 /') K 

" ~ (HlO'f/>') (100 1 p\) 

Equations ( 55 ) and ( 56 ) may be solved graphically by t he use 
of Chart No. 4. Distances on the “ capacity correct .ion scale M 
in the upper left hand corner of this chart are laid off equal to 
1 () 1 b x P, the number on this scale giving the corresponding 
value of h x P. The method of making this correction is de¬ 
scribed on the chart itself. 

Chart No. 4 may also he used to calculate the regulation in 
any case where the voltage drop is due to the impedance of t he 
apparatus. For example, it may ho used to calculate the regula¬ 
tion of a transformer when € is taken equal to the powVr factor 
angle of the equivalent, impedance of the transformer and d is 
taken equal to the per cent ratio of the equivalent impedance of 


( 66 ) 

( 66 ) 

(67) 

( 68 .) 
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the transformer to the equivalent impedance ( V/I ) of the load, 
or to calculate the regulation of a generator when e is taken equal 
to the power factor angle of the equivalent impedance of the 
generator and d is taken equal to the per cent ratio of the syn¬ 
chronous impedance of the generator to the impedance of the 
load (V/I). 

Example 

Given the same example as noted on Chart No. 4, namel} 5 ': 

E = 60,000 volts l =100 miles b = 6.03 X 10- 6 ohms 

I = 100 amperes r = 0.267 ohms e = 69.83 deg. 

K =0.95 lag x = 0.727 ohms cos e = 0.3447 

Then, Z = 10.083 d =22.36 

X = 10.08 d' = 20.89 

u = 0.07567 0 O =85.89 

6 = 24.38 u Q = 1.378 

Whence, 

Exact method Approximate method 

(See Chart No. 4) 

p" — 13.01 per cent p r =13.6 per cent 
q" = 6.43 per cent q' =-6.7 per cent 
K" o = 96.68 K'o = 96.5 
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Discussion on £C Solution to Problems in Sags and Spans / 7 
“ Sag Calculations for Suspended Wires / 7 and “ Me¬ 
chanical and Electric Characteristics of Trans¬ 
mission Lines . 77 Chicago, June 30, 1911. 

Paul M. Lincoln: In the paper by Messrs. Pender and 
Thomson, I notice they lead us through quite a number of equa¬ 
tions containing hyperbolic functions, and finally come to our 
good old friend, the parabola, as representing the curve which a 
transmission line assumes when it is extended between two sup¬ 
porting structures. The result is one we all recognize, although 
I must say for myself I do not recognize the process by which 
it was derived. It is perfectly true that the parabola can be 
taken as the curve which a transmission line will assume and 
the error due to this assumption is very small in the ordinary 
case. The sag must be large in proportion to the span, 
before the error in making this assumption needs to be taken 
seriously. 

I also notice that Messrs. Pender and Thomson have arrived 
- at results that show that our old and well known method of cal¬ 
culating line drops is perfectly correct for 60 cycle lines up to one 
hundred miles, and 25-cycle lines up to two hundred miles, and 
it is not necessary to add the refinements which they have worked 
out for lines below that length. 

In regard to Mr. Thomas’s paper, I have been impressed and 
delighted with the way he has worked the thing out. However, 
I would like to ask one question. Mr. Thomas has assumed that 
the metal constituting the line has a certain amount of stretch 
when it is loaded by wind, ice, or in any other manner. It seems 
evident, however, that he has assumed in his calculations that 
the supports of the transmission line are absolutely rigid, that 
they do not give. Now, I do not believe that this assumption 
is justified, because the bending of the supports, particularly 
when there are angles in the line, will, I believe, aggregate nearly 
as much as the stretch in the metal of the conductor. There¬ 
fore any results which are deduced from the stretch of the con¬ 
ductor only, would not necessarily hold in an actual trans¬ 
mission line, particularly when there are angles in the line. We 
all know, that the assumption that the supports of the trans¬ 
mission line are absolutely rigid is far from being a.correct one. 
I ask Mr. Thomas if he has taken any cognizance of this matter 
of rigidity of supports in working out his theory? 

L. C. Nicholson: Those of us who are in the habit of calcu¬ 
lating sags will be glad to have such a short-cut and accurate 
method as Mr. Thomas points out. 

There is a point which I wish to mention in connection with 
the sag and spacing of wires. The ordinary understanding 
that the distance between conductors should be determined 
largely by the operating voltage is not entirely rational. For 
such other factors as span, sag, size, weight and material of 
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conductor should be given consideration, and I believe have more 
direct bearing upon the problem of properly spacing the con¬ 
ductors than has the operating voltage. In the case of extra 
high voltage lines electrical considerations of course become 
important. 

N. J. Neall: This subject has made a special appeal to me, 
for I happen to have had actual experience with the problem 
which the theoretical presentation this morning relates to. 
I was particularly impressed in this connection by what Dr. 
Pender said in Boston when he presented in advance the paper 
written by Mr. Thomson and himself, in explaining that it was all 
well enough to have rules and methods, but that most engineers 
use these rules and methods so infrequently that when they 
came back to the work again they had to brush up on all the facts 
connected with that method, and waste considerable time in 
getting started, so therefore I consider admirable the degree 
to which Messrs. Pender and Thomson have taken their paper, 
in finishing the calculations, and giving the one reliable result 
which may be selected with confidence. 

Whereas the papers presented today treat this as a the¬ 
oretical problem, I think the practical problem necessitates, 
although it has not been so expressly stated, that every span 
shall be a self-contained one, irrespective of its shape, that is to 
say, we do not want to have a span when points of support are 
at such different levels that the lower support is just at the lower 
end of the span or perhaps inside of it, even though it might be 
argued along the lines suggested yesterday by Mr. Thomas that 
such procedure might be intended to prevent oscillations. 

It is highly important to know where the low point of the span 
will come with respect to the lower point of support. As a 
practical proposition you are obliged to limit this to a distance 
of, say, 50 to 75 feet, as a minimum just to save yourself. There 
ma}^ be line constructions of grades of excellence which will give 
up to all theoretical requirements, but I doubt it, and it is the 
practical margin you must be guided by in laying out these data 
for use. Now, the difficulty is also enhanced by the fact that if 
your line is 500 miles long, or even 100 miles long, you have a 
variable topography to accommodate the line to, and it is no 
uncommon thing to get a very irregular profile. A very useful 
method of laying out transmission lines is by use of a template. 
One template is used for the minimum sag without wind and 
another for maximum sag without wind. Both are of great 
importance in determining respectively the distance of the 
bottom of span from the lower point of support, and the least 
clearance above ground. 

Another point that has been touched on in these papers is the 
effect of adjacent spans of unequal length. On the principle 
that the line is to have self-contained spans with a uniform stress 
in the conductor throughout, you must carefully allow for the 
Short span adjacent to long ones; and on downhill work th$ 
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effect is to take away from the top spans and increase the sag 
of the bottom ones because of the total gravity effect. 

There is, however, one point in this matter of spans which is of 
great importance to our engineers. This relates to railroad 
and telephone crossings where requirements may call for con¬ 
struction much in excess of what is theoretically necessary for 
the line as a whole. Lastly, the imperfections introduced by 
construction may further seriously. impair your line—such for 
example as bad surface cuts due to improper use of line tools. 

The cost of spans and of the various details entering into 
these, is a very serious item. It is almost impossible to combine 
a result theoretically, by means of a formula, which will tie cost 
to the other considerations; but there are modifications, even in 
these methods, which will be necessary, and the exception which 
will prove the rule. But, broadly speaking, the literature which 
has been created in these papers is invaluable, and those who have 
to deal with these problems should study carefully each of the 
methods presented, and decide which will" be the most useful for 
his particular purpose. 

Jean Bart Balcomb: I very much appreciate the practical 
remarks made by the last speaker, also the idea of elasticity of 
support, especially of the tow r ers. I believe these enter into the 
problem of wire tension more largely than most of us have 
realized in the past. Referring to the papers specifically, the 
last sentence of Mr. Robertson’s paper reads: “In fact, the stress 
values approach infinity as the curve of the span approaches a 
straight line, due to being drawn taut.” I wish simply to call 
attention to the fact that this is universal, whether the sup¬ 
ports are level, or one is higher than the other. 

While it is always disagreeable to adversely criticize a paper, 
there is one statement contained in the paper by Messrs. Pender 
and Thomson which I would like to mention. In speaking of 
the deflection, the paper says: “To meet this requirement on a 
long span, especially with aluminum wire, would require a rela¬ 
tively large sag, from 30 to 100 ft., depending on the length of 
span and size of wire.” The paper then goes on to say: “ This 
would require a prohibitive height of tower, at least for level 
country work, and therefore we should not use it.” To my 
mind, since we are trying to be scientifically exact, we should 
live up to the facts, even though they are not satisfactory. If 
we can prove the supposed facts to be wrong, they are no longer 
facts. I wish to congratulate the authors, not only on the ex¬ 
cellence of their exact treatment of the subject, but also for the 
finished thought they give, and an approximation that will 
answer in most cases. I think both exact and approximate 
solutions should be included in scientific papers generally. 

My work in the mountains and on the Nevada desert has espec¬ 
ially impressed me with problems like these, that are not met with 
so much in the level country and under ordinary conditions. Going 
into places where the maximum temperature reaches 140 deg. 
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^nd where at times the worst conditions of sleet and ice are en- 
^oxxn-tered, these problems are pressed home to one very closely. 
7; ^^ight call attention to this—in my experience I have noticed 
the maximum sag, wherever there are sleet conditions, is 
^°t oaused by the maximum temperature, but by the maximum 
conditions at the highest temperature in which sleet will 
^orrti; so that is the point we need especially to bear in mind 
considering how low our wire will hang; also that the 
^aximum stress will be induced by the greatest wind and 
|owest temperature conditions combined. In approaching 
^hese problems I always find it worth while to select a few points 
are determinative, then work with these in mind. 

-A. point which has not been touched thus far, I think, is the 
stress that is produced by the oscillations of the wire while the 
is blowing. In our mathematical determinations, we too 
often assume that when wind conditions prevail, the wire swings 
Over with the wind and remains at a certain angle; yet the wire 
instead of doing this, swings back and forth, sometimes with con- 
sidoirable violence. How to arrive at this stress, I am unable to 
S£L y > but I think the matter deserves very careful study. 

a closing thought—there are some excellent determinations 
a.mong those offered here this morning, and I would like very 
m-ULelx if this Institute another year could have these different 
foarmnlas compared with the large amount of data, gathered 
bthroughout the country, showing actual conditions. It seems to 
me it some one at the present time could be asked to prepare a 
ipajpor and present it a year from now, or possibly two years from 
rxo-vsr, it would be worth while and would be greatly appreciated 
by engineers. 

T^lxe above applies to the mechanical side especially. Re- 
ding the electrical end of the work, I think we are in a transi- 
bioxial period and the next few years will show large ^ develop- 
ment—so we are in position to study, but not to determine, these 
elocbxical factors for perhaps a number of years to come. 

*W~. L. R. Robertson: i have studied Mr. Thomas’ paper 
ca/irejfully and with.much interest. He is to be commended for 
blxo introduction of the so-called stretch curves. The u curves ” 
3 ,xo nominally straight and parallel lines, they can be readily 
computed and plotted, therefore shortening somewhat the pro- 
cess of calculation when temperature and stress are considered. 

As a matter of fact, this stretch curve is in principle identical 
-wibix the so-called hypothetical curve given in my paper; the 
only difference being in the selection of coordinates. When 
plobted between stress and length of arc, the curve is the nominal 
jsbnaxght line. When plotted between stress and sag it is a curved 
lino. In theory the stretch curves plotted between stress and 
length of arc are not entirely straight nor parallel. I would like 
-to ask Mr. Thomas whether there are any conditions where the 
*ctse of perfectly straight parallel stretch curves would introduce 
ULncI-Osirable error? When the stress passes the elastic limit, the 
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stretch curve is decidedly a curved lint*, especially i’« »r annealed 
copper. 

I have heart! of a met hud of creel iny wires which may, ur tnav 
not have merit, namely, the use of anuealetl cupper wire erected 
more or less taut and allowing the weather conditions to stretch 
the wire, until it has sufficient say to withstand all conditions uf 
load, and never taking up the say. As the wire stretches it 
probably increases in tensile strength. 

For in vestiya tiny or determining the extent uf the merit of 
siu v h a method as this, or for invest iyat iny any other eunditiun 
where it is required to calculate beyond the elastic limit, the 
straight line stretch curve is of no value, 

If one-half of the ultimate strength ur 1,700 lie per sq. in. is 
the allowable stress for annealed copper and this is finally con¬ 
sidered to In* yood enyineeriny, then calculations must be made 
beyond t he elastic limit and it is only the true hvpothet ieal curve 
that can be used. 

Further after one becomes an adept in the use of these solu¬ 
tions lie will really find that the application of the inn* hy¬ 
pothetical curve involves but very little more calculation than 
the straight line stretch curve, especially if very closely approxi¬ 
mate results are all that are desired, 

It seems to me that the most vital point to be cousideredin 
say and span is the behavior of tin* material used in tin* span, 
By behavior 1 mean the relation between strain and stretch, 
permanent set, tendency to increase in tensile xtreuyth upon 
slretehiny, temperature ehanyes, etc. That is why more data 
on wires than we have today are desirable. 

Problems iuvolviny all of these properties can only be in vest, i • 
yaled by so-called true stretch or hypothetical curves. 

There are a few emphases which 1 would like to make relative 
to the claims set lorth in my paper, namely, the solutions are 
intended to be universal, to apply to abnormal as well as normal 
conditions; to apply to any material; to take rare of any such 
conditions as poles sway iny, erosmnnv.v; twist iny* etc., and to yive 
mathematically eurreei results with a minimum of additional 
calculation. 

H,F.Thomson : I would like to reler merely to the point, made 
by Mr. Neall in 1 lie discussion. We have endeavored to 
indicate the* method of the solution on the chart:* them 
selves, The discussion which accompanies is more of a 
justification than anythinyelse; that is, an euyineer could cut 
out flu* <*hart.s included in tla* paper, and with the suyyexlions 
made on them, could work out a complete example without any 
additional help from the paper itself, and the discussion 
merely yoes to broaden out the points which are included. 

H. V. Carpenter; In adapt iny tower construction to the use 
of suspension insulators convenience has probably been the 
reason for arranging the three conductors of a circuit in a vertical 
plane as has been done in a number of prominent eases, Ex- 
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perience has brought out the fact that this construction must be 
used carefully in localities where sleet forms, as it has been found 
that when a heavy load of sleet suddenly falls from one span 
while the. adjacent spans retain their loads the lightened span 
may rise into contact with the wire above it. 

If we remember that the vertical load on any insulator is 
on ly 4 i of the tension on the cable, it is clear that a small 
percentage of unbalance in the tensions on either side of an 
insulator may deflect it considerably. Since a small change 
in the position of the end supports of a span causes a very large 
change in the sag it can be seen that the trouble described above 
will be more likely to occur than would be anticipated. 

A simple example will show what may be expected. Assume 
a circuit of 0000 copper strung with 600-ft. spans and 8 -ft. vertical 
spacing, hung on suspension insulators 21 in. long. If the sag 
is 3 per cent when loaded with \ in. of sleet (no wind), the tension 
will be about 3200 lb. total. If all the sleet on one span should 
fall before any on adjacent spans, the sag of the lightened span 
will decrease to approximately 1.6 per cent or the middle of the 
cable will rise about 8.4 ft., giving a permanent short-circuit 
with the cable above. This involves a deflection of each insulator 
of about 33 deg. from its normal vertical position. 

On account of the elastic character of the entire structure 
much smaller disturbances than that assumed would be suffi¬ 
cient to cause a momentary throw of a cable that would cause 
trouble. 

Hugh Pastoriza: The chart given by Mr. Thomas offers a 
very easy method for computing line stringing curves but it may 
also be applied conveniently to other mechanical problems of 
transmission lines. 

For example, certain types of line crossing embody an auxiliary 
guy which catches and supports the span wire when it breaks at 
either insulator. In order to get proper clearances under the 
broken span wire, its final sag after breaking must be determined. 
Here Mr. Thomas’s chart is of considerable assistance. From the 
mechanical construction of the crossing span, the increase in 
length of wire between supports, when the span wire breaks, can 
be found. Expressing the new length in per cent of the span, 
the new tension and deflection may be read from the chart. 
This neglects change in length due to reduction in tension, but an 
approximate correction may easily be made for this. 

Problems connected with flexible transmission structures' 
require the use of a curve between tension in span wflre and de¬ 
flection of support. This curve may be found for any given 
case from Mr.. Thomas’ chart. Starting with normal tension 
and deflection and span length, the new tension and deflection, as 
supports approach each other by 0.1 per cent of span, for example, 
may be found approximately by obtaining from the curves the 
tension and deflection which would obtain on the original span 
but with a length of span wire 100.0/99.9 of the original. A 
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correction may til so be applied here lot change in une length due 

to change in tension. . , 

R. S. Brown: 'Hie calculation of tin* long transmission hue 
may be simplified considerably by the use ot tin* relation between 
inductance and eapaeit y: 


L r 



where V is the velocity of light. This would be rigidly t rue were 
it not for the effect of the magnetic flux within the wire. In the 
actual ease the approximation is very close it a reduced value ni 
the velocity of light is used, (183,000 miles per second I. \\ ithin 
the range of commen*ial sizes of nonmagnetic wins the maximum 
error thus introduced in the value of capacity is one per cent. 
By the use of this relation one variable, line eaparity, may be 
eliminated from the problem. 

The following symbols art* used: 

P --the real power at tin* receiver. 

,/?,> -the receiver voltage (taken as standard phase). 

K — the generator voltage. 

/ () — the load current. 

<p = power factor angle of load, 
co -2 7 r frequency. 

/ “length of line, miles, 
r -“resistance per mile of line. 
c = capacity per mile of line. 

L = inductance per milts of line, 
sc = reactance per mile of lint*. 
z = impedance per mile of line, 
y “ admittance per mile, of line. 

R — l r X ~/ x A Iz V ty 
Dotted letters represent vectors. 

Undotted letters represent reals. 

The general equation of the long transmission line as given in 
Steimnetzks “ Engineering Mathematics “ is; 


li /i» A i in « x 


tit 


Where A and H an* vector functions of line constants as f< dlowm 


A = 1 - 


Z Y ,(Z VT 


24 
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p jp p 

The regulation is defined as A = —_ _ \ a nd the magni- 

■lLq Eq 

EE. E 

tude of -=— = ——, is the length of the vector —=— . 

E 0 Eq Eq 

This length is the distance between the termini of the two vectors 

; , PB Z 

—A cr~ J $ and -- - -. 

E 0 - cos cp 

The terminus of —A is plotted at the left of the chart, 
it being a function of cp, x/r, and l. 

The second vector is 

PBZ PBZ j tan" 

— .- — =- <j r 

E o 2 cos cp E 0 2 cos cp 


The part 0 -- is real and it must be multiplied bv the 

iio - cos cp ^ 

• X -1 A ' 

* 3 tan — . 

vector part B a r whose terminus is plotted in the first 

X 

quadrant on the chart. The length of vector B a jtan r can 
be scaled from the chart but is most easily found from the small 
curve in the fourth quadrant, it being practically independent 

x 

of —. It is designated bv k. 
r & . 


The length 


kZP 
Eq 2 cos cp 


laid off in the 


proper direction as 


determined by a line joining the origin with the intersection of 
appropriate curves in the first quadrant, and the distance from 
the terminus of this vector to that of vector — A a~ j a is found 
by means of dividers. 

This length laid off along the horizontal scale will give the 
required value of voltage regulation. 

Frank F. Fowle:^ The most important problem in the me¬ 
chanical design of wire spans and structures is the choice of a safe 
assumption as to loads. In the recent joint report covering 
specifications for overhead crossings of electric light and power 
lines, prepared, by a joint committee of the National Electric 
Light. Association, American Institute of Electrical Engineers, 
American Electric Railway ilssociation, Association of Railway 
Telegraph Superintendents, and American Railway Engineering 
and Maintenance of Way Association, the subject of loading has 
been considered with great care. Three classes of loading are 
there defined, as follows: 
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Horizontal 


tKimjHmmt 

component 

Temperat un 



.—. —— 


Ui U». jmt :i«j. ft. 


| l»lu i \ im-h oi' in-, j 

K ill. j»i*r :;q. ft. 

' 0 fahr. 

| Dt'atl | inch uf in-, j 

11 lit. per .'iq. ft. 

i. 


( lass B loading is the slalrd requirement in the specifications 
propi't; am the ordinary lemperatnre huikc is given as -20 deg. 
...., , .r. K ; !‘ lh , r - . 1 lu 'v,' 1 '’" 1 '. 1 ol I(, e is bven as a7 lb. per cm ft. 
ur u'twt'r- ;« p» ti' 1 ’ '(•' Wul< P n ' ssim ‘ requirement nn pules 

" , ' ' ' ‘ I! '‘ > HT st B B - <m the projected area uf closed or 

urn!, If'hiUMs? ShLS:"'' '" H - hnlf (,i) ,ht> 

nlm-'tlH-n-,- m'T U r S “•" M ' < T ,MT uf ,lu ' *"»»« cm- 

’iven , : i . l, ' :i ; , ' ,,1 ,! ll 1 llli ' example of span calculations 

h 1 v) lr * koJKTt-son also rmplovs substantially 

t.l Professor Pender takes exec n , 
oad up as heaev as tins and says that the eon,bination of 4 inch 
u ,. a (,(> . m5l ' ,s l«;«* lir - wind velocity will seldom if ever exist 
simultaneously; he also says that sleet will seldom exist on a 
uue when the temperature is much below freezing 
‘ roisib'v "" " , ! 1 : wi ” that sleet accumulates to thick- 

* 'T ’’ " r 1 ,s " vvhl,i velocities (correctedI some- 

bwer h-m ‘ ( d !! 1, <;n t |H T ’ r " ,llaf . B-mperatun-s fall 

' , ?’• ,, ‘, hr ‘ How much sleet or how 

un it wind, oi how low a temperature will reallv occur, are 
matin sol probabiht y, only to he iletermined with some approach 
-» accuracy by studies of weather phenomena cxtnidilig mV? 
loti pe tods It will be generally admitted that the extremes 

1 ™j' 5'V t ! "!' do not occur sttmillam-oui.lv. 

What we wish to know ts how bar we must go in assuming -.imub 
taneous values m order to design spans and struel ures so Ve. to be 

tvnsunuhly Kafr. 

. raaiamemaih wrought.. what eonstitules reasonable 

N, ,( r ‘Htould we build expressly p, prevent anv failure 
“» the light of the most severe eombinatbu of SIS, 
Vi, , ,T" r"’ ' "a’, *’ "V ,ak '\ a few chances and proceed to build 

ll,, t the lute wall probably tad once in t went v visir;., or once in 
V'VT luwttiu V f . Bastion of pnd,abiHt v .axap 

, d to t he occurrence o|. simultaneous loadsof wind and sleet and 
u* aceompanvu.K temperature. enters the problem at manv 
I,,, "'! 1 ! i '•ptsakn,}:, the probability of failure ought, 
to Ik hunted by the risks that ts. tt ought to be inverse!v as the 
tsk to soiin- extent I low tar we ouvjG to u ,., i„ t he elimination 
*' l!Nk * mv 1 Iiui m; hnw far ur nut y<> k another. Tin* nnmtvvr 













2290 


5 * 4 GS AND SPANS 


[June 30 


who is radical on the side of safety is likely to be criticized by 
those who pav the bills, and the standard of engineering effi¬ 
ciency is perhaps judged mainly by construction costs, in some 
cases' when there are other important factors to consider. 

But when the risks are considerable, and particularly when 
human life is involved, it seems proper to reject any assumption 
that failures at stated periods, even at very long intervals, are 
permissible. If this is sound, then we can limit the application 
of probability to the simultaneous values of wind, sleet and 
temperatures' The gathering of data on this question is a work 
of great magnitude, if the results are intended to be comprehen¬ 
sive and of substantial value. A preliminary effort in this di¬ 
rection was made by the writer, which consisted of an analysis 
of the records of the Weather Bureau at Chicago and was pub¬ 
lished in the Electrical World of October 27, 1910. The results of 
this study do not uphold Professor Pender’s comments on. 
Class B loading, but rather indicate that heavier resultant loads 
would be justified—at least in certain localities. 

In regard to the existence of sleet at temperatures lower than 
freezing, it is a fact, of course, that it will not form at lower tem¬ 
peratures, but nevertheless the temperature may fall after the 
sleet precipitation ceases—and fall considerably. At the same 
time the wind velocity may increase with the lower temperature, 
although it is generally stated, and apparently true, that ex¬ 
treme velocities do not occur at the lowest extremes of tem¬ 
perature. 

In the matter of formulas expressing wind pressure as a func¬ 
tion of velocity there is some disparity. The original form of 
Mr. Buck’s expression, referred to by Professor Pender, is 

P = 0.0025 7 2 

which expresses the pressure on the projected area of a bare 
stranded cable, in pounds per sq. ft. Mr. Buck’s conclusions 
in relation to wind velocities are also well worth studying in the 
present connection. 

For stranded cables the wind velocities corresponding to pres¬ 
sures of 8, 11 and 15 lb. per sq. ft. of projected cable, with Mr. 
Buck’s constant and with a constant of 0.002, are as follows: 


j 

Values of P 

Values of V 

Constant =0.0025 

Constant ~0.002 

S.O 

56.6 

63.3 

11.0 

66.3 

74.2 

15.0 

77.5 

86.6 


It is worthy of note that the joint committee report permits 
an allowable safe stress in hard drawn copper of 50 per cent of the 
ultimate, or approximately at the elastic limit as determined by 
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•m «'hslT- , Vi.nir-r i hi'-" SUS,;n ! 1C<1 loads co PP er has not as high 
,,V 11 lins IHTamUiKe gives; the stretching which 

S. ':t,r t, 

„u .Ui w in Unpiux a larger factor of safety than two 

fai*f 11 1 h;!(''rl h' ! ‘'uv‘ • ('ll!'?"j ,Wf4 '.'*^ l i lc factor of safety lies in the 
. in . nut |'I S S sua .Ving, and the resultant shocks, 
an no! take,, a <..mint- o! nn he usual span calculations. Failures 

I ! ' " anlv V‘' cur »*"h;r steady loads, hut during the varia- 

1; e,which urur m a. storm - -when the wind isprob- 

l r 1 f' U:lts - At U, /v K!U,K ' thne any yielding of the 
I *;'.; U "’' UI h»ys may throw additional stresses on the 

In Ihe papers on high-tension operation at 100,000 volts, by 
J ; ,Ih man ’ ’‘S' au, . i I1 ‘ ,, w;n, a is interesting to note that 

inV Jmn iv 1 .°V U ur h T*' aI1 ' h,m .«h it has caused 

.. •(>! ’ ' ' - VV ” ‘ A '' *'• ^ ; j l ‘ek, Jr., in his paper on 

• . ” m !' onnia and lhe_ Dielectric Strength of Air,” 

gi\e:, a* une inleivsiing information in relation to sleet. lie 

:; a K l\, n,,v: ' 1 ' , y «V irU ‘ ,! u> fonn 0,1 ,;he conductors, 


, -i} c n * , • J t ‘ v#i» uMiuuaors, 

til! tailing when the tests were started. Fig. 57, (of 

IV I'.’'' 1 ‘ " nv: ' ,Ih ; hiss curve. After (he curves were taken 

the him wan kepi at 200 kilovolts for over an hour with no ap- 
p.ueii, dinmi,tlton of ninth. This seems to show that sleet will 
lorm on high voltage trannniissioii lines. 'Hie dav after these 
lest:, were made was bright and clear and the conductors were 
, , , '" a . lr,i u,l!l A set of readings were taken, and it is 

"iteieMiiig lit note thal the excess loss here is as great as when 
' U tl i hear to dour up any doubt 

f “ 1 lr U t'eunvnre of sleet on high -Umi don linos, with copper 


"*>•' •••Icet. A set. o! readings were taken, and it. is 
inteie*.lmg to Hole that the excess loss here is as great as when 
'/ ri ’' KS * 1 l*dliH|e i htrv results seem to clear up any doubt 
* !t ' 1 he on unvntv of sleet. un highTension lines, with copper 

conductors, * 1 

Mr. Iturk, in In * ItHH International Congress paper on u The 
' ,t: 1 ^ AJtiiiiimiiii U'a mi hlcclrieal Conductor,*’ before alluded 
Ut * ,l, *d ” alumimnn wire gathers much less sleet than 

!‘ n bl l,T * ‘ f 'ln • * • !crimps to tin* grease which is absorbed 

lt [ ihv ulmimmtu.duc 0* its porous qualities, in the process of 
w uv ^Iraw ing »*r Iron* some of her physical condition of its sur- 
* a * Vi fins statement the writer has seen no didinite 

m coilpivo dnia on fhe behavior of copper and alutni- 


He you 
or com pa rat iv 

tiutii itt hi? •, 

iHtnttr f Ut winicj <»i 1!M0 HH 1 tin* writer exposed several 
short spans oi f’opper, iron and ahnnimnn, in different sizes, to 
observe J hr cUeri , uf. sli.*c1 prei'i] »i I a I ion. However, the op- 
porionifirs !*»r oliM'rvation proveil to b<‘ very limited and sleet 
on'isnvd but missis and then as a lrare only. This happened 
a! nielii, vdjru Mherryafions were necessarily hampered, but it 
‘ leliisin‘1 \ leanie*! that Jert eonuneneed to aennnulat.e on 
copper, iron and ahnnimnn alike. It did not progress sufft- 
citMiilvi however, to reveal quantitative results for comparison. 
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R. C. Darrow: In the paper presented by Mr. Thomas a 
solution is given for the problem of finding the sag of transmis¬ 
sion vires at different temperatures when the initial load condi¬ 
tions are given. This method will be found a short and con¬ 
venient one and all the calculations can be made on a slide rule 
with sufficient accuracy for practical use. The method is 
based on the equations of the catenary and it may be interesting 
to compare the results obtained using this method with those 
obtained by some method in which the tension is given by the 

W l~ Q 

formula T= and the length by the formula L = l+ - j — 


JoHt 


1G~ SO f-lH 


MODULUS OF (COEFFICIENT OF UNIT ELONGATION! 


COPPER HARD DRAWN 

copper sorr 

ALUMINUM 

STEEL 


ELASTICITY 
6000000 
12000000 
9 000000 
29000000 


EXPANSION (F.) 
0.0000096 
0.0000096 
0.0000128 
0.0000064 


PER 20° F. 
0.000192 
0.000192 
0.000256 
0.000128 


0 0l-L. 

T*> TjSi-001 
' L, 


Xv I * CURVES FOR DETERMINING 

\ r~ SAG OF WIRES - 

_ ^ - --L—_ ___ ON TRANSMISSION LINES 

fl; 003 ‘ m * 005 * 005 - 007 ‘° 08 *0i0 .011.012 .013 .014 .015 .010 .017 .018 .019 .020 ^sT" 

02* 03 TV 1,0012 1 - ,i014 1.001S 1.0020 Li 

.02 .03 .01 .Ou .06 .07 .08 .09 .10 .11 .12 .13 .11 .15 .16 .17 .18 .19 . 20 So 

1.00L um 1.000 1.008 1.010 1.012 1.014 1.010 1.018 1.020 L« 


Plate I 


where T equals the safe tension in the wire, w the weight per 
foot along the wire, l the span, and d the sag. Reference is 
made m Mr. Robertson s paper to an error introduced by con¬ 
sidering the tension along the wire as constant and equal to the 
tension at the point of support. Following out this suggestion 
a curve has been determined giving a correction factor where 
greater accuracy is desired. 

A _ se t of curves which will be found to cover a wide range of 
problems and which check those of Mr. Thomas are shown on 
ate I. The points (Table I) on this curve have been de- 

? lace lo S ari thm table, except those where 
the tension for the unit span is greater than one hundred. In 


P 

f 
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lh, ‘ Sl ' 1 < M’tniiki, 7=.'- W J ~, w;i ,s used for the 

a a 

unil fusion and / f £ JL for the unit ]eng t h , experience 
showing (lad, lliis would he arc-urate mm R h for practical pro!.- 


Tension 1 »ir unit 

Inti 25 
l JtS 88 
125 ou 
i t:t <»;? 
loo 001250 
On <ii (HOU 

sii xiiKaa 
VO, 024702 
VI 400,10 i 
00, 008542 
01!, 502000 
38 81*000 i 
35 , 557800 
52.03100} 
50 002500 
10 003105 
33.337083 
08 ,575M01 
33 003000 
ifo (HHiO.,U 

Hi nv t Hi/ 

10 Moont 
10 0110,00. 

H .34833V 
V : 100301 
0 Wool l 
5 5/8071 
5 01! 5001 
4 570080 
4 100703 
3 3 zoom 
0 350107 
0 002833 
i 740031 
l 510008 
1 351340 
1 0 23323 
i nvn 'u 
I <0*00*0* 
0 1187888 
0 ,H!»0,V|O 




1 


TABLK I 
S;o* fur unit span 

0,000800 
0 000000 
0,001000 
ooonoo 

0.001250 
0,001375 
0 001500 
0 tHUm‘5 
0 001750 
0 001875 
0 002000 
0 002121* 

0 002250 
0 002373 
0 002500 
O 003123 
0 003750 
0 001375 
0 005000 
0 000250 
0 007501 
0,010001 
0 012503 
0 015003 
0 04750? 

O 020011 
0 022515 
0 025021 
0 02752 H 
o 030030 
0 037570 
O 050107 
O 002833 
0,075504 
O OH 8 3 0 7 
0 101340 
0 1 HU 1 
O 127020 
o 14100! 

0 154554 
a 182204. 


Length fur unit .span 

1.000001707 
1.000002100 
l.000002007 
l.000003227 
1.000004212 
1,000005104 
1 , (KK)l>00058 
1 , (MKXK)7110 
1.000008223 
1.000000441 
1.000010742 
l . (MHKH2115 
1 .(HUM) 13571 
1.000015102 
!.000010725 
1.000020072 
l 000037510 
1 (MM M15100 
1 (HHK)0007 
1,00010418 
l (KM) 15003 
1 00020000 
1.00041073 
1 A HH150808 
1 00081087 
1 (KM 00701 
1,00135055 
1 (HU 00751 
1.00201780 
1 00240171 
1,0037542 
1 (K)OOKOl 
1 0104352 
1 0150070 
1.0205421 
1 02(48808 
l.0340034 
1 0421000 
i 051184? 

1 0010803 
1 OHIO! HO 


icui:;, I lie. pi if! inn of the curve will seldom he used except for 
Vr|, y s 'iort span:, or sizes of wire stirh as No, 12 or No. hi N, B. s. 
copper, or a twisted pair of insulated No, 17 B. & 8. steel 

wire, 

( oinpanson of ill is Method until (hie Usin)> Equations Bused on 
the I itrutnda . In the determination of a temperature-sag 
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curve the initial conditions at worst load are known, together 
with the tension to be allowed in the conductor, the first step 
in the solution of the problem being to get the sag at the mini¬ 
mum temperature with the weight of the wire only. Curves 
oiven in Fig. 1 show the results for the original conditions ob- 

e UD P 

tained from the catenary curves and from the formula, d = 

using a tension of one thousand pounds and a weight per foot of 
one pound. These curves illustrate the variation in sags as the 
length of span increases and show that the difference in sags 
determined by the two methods is quite marked when the 
per cent sag is increased, quite an error being introduced at the be¬ 
ginning of the problem by the 

I j ! | •{ i ! ’isi) p 

i 5 o_—|—j—|—j- 1 - -jCki. use 0 f the formula d = - g 

ion • 1 I _]_ / Curves in Figs. 2, 3 and 4 

r> 0 j_J_i_ / / PAR . show some comparisons be- 

I j fj tween temperature-sag curves 

n °1 | [ Vi/ for var * 011s s ^ zes of wire and 

loo-—,- 1—j- rjj different spans computed by 

90 -i—|—!—|--- jf — two methods, those marked 1 

jjj so— j. j |— J - J1 — ~ being figured from a method 

^ 70 _|_ I ; \/A _ based on the formulas 

- j j j Tf 72 

C3 GO—j-1-..... :- // --- W P r . * 

35 | ! // T — • 0 . for tension and 


30 - 1 -i J— —r—- L = l+— — j- for length, 

20 _ / _ 4 1 

io .x _and those marked 2 being 

: __ figured from the catenary 

loo 2oo 3oo loo 5oo coo too sop 9oo loo o curves. The variations in the 
span-feet two methods is brought out 

Yig. 1 very distinctly by these figures 

which show that for a 100 -ft. 
span and No. 0000 B. & S. stranded copper wire the 
curves coincide, while for the larger spans the difference 
increases as the per cent sag is increased, those figured from the 
catenary curves giving larger results for the sag at the same 
temperature. In working out these problems, when the larger 
spans are used and greater per cent sags result, the points de¬ 
termined will not lie exactly on a smooth curve when the catenary 
curves shown on Plate I are used, but the discrepancy is so small 
that a smooth curve can be easily drawn through the points 
giving satisfactory results, and if more accurate results are de¬ 
sired the curves where the unit tension is small can be drawn on a 
larger scale. This refinement will not be necessary in practical 
work because of the inconsistency in the constants used for the 
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material and the inaeeuraeios arising from the assumptions 
made in the solution <>| tin- problem, one of these being that the 
tension the coin I tie tor is constant. 


l tin 



Flo. 2 


Variation oj tlir Tension along a ('ontlm tor. it may be of 
interest to develop a curve giving a rorreetion factor for'various 
values ot tension at the point of support which may he used where 



m t f 

II *•'. *.» H *'* t*4 it is in ■*» 

S4i>4U; l 

Fn». it 

ivliunuonl. i « ilosiml It ran \ H < shown that, if tint 
average tension al«*n^ Use eunduelur is use* I, tho contraction of 
Uw conducior when tin* stress is remove*! cun la* more accurately 
iiguml, giving a greater eonlraetion than when the tension at 
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the center of the span is used at m! a smaller mm tJiao that gneu 
by using the tension at the point of support. Tin ■ mean ; that 
when the tension at the point of support is uni Urn value; ot : he 
sag at different temperatures will 1 »r loo small, and h«n the 
tension at the center of t.he span is used tin* values will In* too 


large. The following met hod 



is developed s*» that the as¬ 
sumptions made may be clearly 

underst t*i«!. 

bet X equal the rout raet ion 
of any eon! of lengt h as and ha 
the tension along the chord vary 
as the length, -aieh that / J bvi. 
'PI Hit d X k / i x :< d x, and t he 

r> 

total eon! ranion, / h 1 ji,v!</,v, 


The term j J pvt */ ,v will be the 
"m 

area between t he chord as the x 
axis and the eurve representing 
t he t ension, t f i.v l. Tin . area 
ran also be expressed by the 
length i,vl times the average 
tension bus /b so that X hx 

{itv.il . It' h j I . where A 

equals t liecross-setii« trial area ot 
t he chord and H \ I he tin idulus 
of elastieit.y of the material, the 

. . x x Utv, /l 

equation becomes A . 


Fig. 4, Carve fur dvtrnmtjmg 
average tension along a transmis¬ 
sion wire 

7’j Tendon ut point ut Jiuppnrt. lm ft tut 
•pun 

K Average teniittm tendon ut point ut 
support 

Average tension **T X X K K w X l 
Contraction for unit spun 


If ,v is units and 
tii>re stress far,/! is 

eont.raet ion for unit 

, * ms f 

becomes At #s 


file average 

n/r /| , 

j , the 

leapt h f Aj) 

«w hieh. sub 


traded from the unit length, 
gives {.lie unstressed unit length. The problem now heroines 
one of finding the average tension along a catenary when the 
tension at the point of support or renter of Use span is 
given. The equation for the catenary is y t/2 (d * T r 1 V), 
and the length is s^v/2 (e* * r 4 yb ‘ The values of y along 
the curve represent the values of the tension and the average 
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value of y will represent the average tension. The average 
value of y along the length s is given by the equation 




yds 


av. y ~ 


Since y ^ ( e ' x c ~he' x c ) and s = -g (e x /°—e~ x/c ), the equation 
becomes, 

j ^-(e+^+e-^y- dx C ~ cosh 2 ~ dx 

n 


av. y = 


C 


2 {e. x/c — er x/c ) 

j ( cosh ~+— —\ 
* \ C c x I 

smh— 7 
c 


. u X 
smh 


vSince the length of a span equals 2 x, the average tension 
per unit span is given by the formula 


av. y i = 


4 x 


/cosh ■£+-£. -i-1 

V £ . £ . , X / 


sinh ■ 


4 x 


[ 


(e^_ c +e~ x/c ) x 


+ 


C (jqx/c - e —x/c^ 




If x/c has the same values as are used in determining the cate¬ 
nary curves, then for every value of the tension at the point of 
support, the equation will give a corresponding value of the 
average tension, or for every value of the tension at center of the 
unit span which equals the tension for unit span at the point of 
support minus the sag for unit span, we will have a value for the 
average tension. The value of the average tension divided by 
the tension at thejpoint of support, will give a factor which may 
be plotted ap absissas with the corresponding tension for unit 
span as ordinates, Fig. 4. The values used in plotting this 
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curve are given in Table II. From this curve we can get the 
correction factor for any tension which may be used in deter¬ 
mining the contraction from the formula Xi = af/E, where /is 
the fibre stress at the point of support. An examination of this 
curve shows that the factor is negligible exoept where the tension 
for unit span is low, and these conditions will be found when the 
per cent sag is large. It must be remembered, however, that if 
this refinement is desired a new set of catenary curves must be 
drawn using average tension as ordinates in place of the tension 
values given in Table I. These ordinates can be found by multi¬ 
plying the values of tension in this table by the proper factor. 
Also average tension should be used throughout the solution 
of the problem. 


TABLE II 


| Tension for unit span j 

Sag for 
unit span 

a 

Factor = 
column 3 

I 

1 At point 

of support 

' 

At center 
of span 

Average 

tension 

column 1 

5.0250 

5.0000 

5.0083 

0.02502 

0.9967 

4.5730 

4.5455 

4.5546 

0.02753 

0.9960 

4.1967 

4.1667 

4.1767 

0.03004 

0.9952 

3.3709 

3.3333 

3.3459 

0.03757 

0.9926 

2.5502 

2.5000 

2.5168 

0.05017 

0.9865 

2.0628 

2.0000 

2.0211 

0.06283 

0.9797 

1.7422 

1.6667 

1.6921 

0.07556 

0.9712 

1.5170 

1.4286 

1.4584 

0.08840 

0.9614 

1.3513 

1.2500 

1.2843 

0.10134 

0.9504 

1.2255 

1.1111 

1.1500 

0.11441 

0.9384 

1.1276 

1.0000 

1.0436 

0.12763 

0.9255 

1.0501 

0.9091 

0.9573 

0.14100 

0.9116 

0.9879 

0.8333 

0.8866 | 

0.15455 

0.8975 

0.8965 

1 | 

0.7143 

! 

0.7778 

i 

0.18226 

0.8676 


A value of one pound per foot of conductor was used in determining the above table. 


P. H. Thomas: In answer to Mr. Lincoln’s question, I will 
say that it is manifestly impossible to tell in a general statement 
how much a pole or pin will yield and it is impossible to take 
mathematical account of a lot of the varying conditions, and if 
we, by our papers, have enabled you to understand what the 
result of the known factors is, you can more easily make allow¬ 
ance for the others. 

^In regard to the effect of flexibility of supports, I think we 
will have to consider that two cases are likely to arise. There 
will be times on a long tangent, i.e., a long straight line, where 
the supports will be only slightly deflected, since the spans 
support one another. If we have a general increase in tension in 
the line the cross-arm cannot yield in either direction, because 
it is pulled in both directions. On the other hand, where we 
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have bends in the line, or where one conductor burns off, or 
some other unsymmetrical condition arises, we may have a 
great deflection in the tower, in which case the strains calculated 
by this formula will be wide of the fact. 

I have spoken of broken conductors as a very important case. 
Assume that all the conductors are burned off on one side of the 
pole n ot only do we have thereafter the strain that results from 
the tension on one side only, but we have a sudden shock as 
the wires due to the swing reach the lowest point. With sus¬ 
pension insulators the wire forms a sort of toggle joint and will 
produce.a considerable strain as the maximum of the swing. 
In practise I have known no trouble on this score. 

I wish to add one word to what Mr. Nicholson has said in re¬ 
gard to the proper spacing between wires, that proper spacing 
depends on other things than the voltage. This matter deserves 
a great deal of emphasis. I would add to the variables Mr. 
Nicholson named, the question as to whether the type of insu¬ 
lator is pin or suspension, for the suspension insulator, having a 
free swinging motion sidewise, requires a much wider spacing of 
conductors than the pin type of insulator. 

Mr. Robertson’s statements about the “ stretch ” curves on 
my diagram are perfectly just. They are true, I think, within all 
ordinary ranges; if you go beyond the elastic limit they are not 
true, but it is true that you can get the exact result by plotting, 
instead of the straight line, the actual stretch curve, whatever 
it may be. If you know you are going beyond the elastic 
limit, and know what the curve of the material is, plot it on the 
diagram. 

I consider the method Mr. Robertson says has been suggested 
to him, that of stretching soft wire tighter than the ultimate 
condition will allow, and letting it stretch when the strain ex¬ 
ceeds the elastic limit, is a dangerous proceeding. If the wire 
is perfect, and you know it will stretch uniformly, there is much 
to be said in favor of the idea. If, however, there are any 
joints in the wire, or there is any danger of its being kinked, 
or nicked, the stretching will come at some one point rather than 
uniformly throughout the wire, and you do not know what 
condition will result. 

W. L. R. Robertson: In Mr. Fowle’s discussion, he has very 
appropriately considered the assumption of proper loading and 
the proper safety factor. In the 1911 overhead line report of the 
Pennsylvania Electric Association, the writer makes a few 
suggestions that are closely in accord with Mr. Fowle’s ideas. It 
seems that in overhead line construction the tendency is to base 
calculations on very narrow margins of safety. In other engi¬ 
neering problems such as building construction, etc., we assume 
loads.on our structures up to the extreme limits, and in addition 
to this we employ safety factors up to 5 and larger. We are, 
indeed,, handicapped in our calculations by not having definite 
conclusives in these matters. 
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In regard to wind pressures on wires, up to the present time 
Mr. Buck’s expression: 


P = 0.0025 F 2 


is generally conceded to be correct, but in conjunction with the 
study of Mr. Buck’s conclusions, attention should also be given 
to an article in the Journal of Electricity , Power and Gas , July 29, 
1911, by Messrs. Piatt, Lane and Kistler, wherein they claim 
very much higher wind pressures than given by the above ex¬ 
pression, especially for the smaller wires. 

In answer to Mr. Thomas, when he criticizes the stretching of 
annealed copper as a dangerous proceeding, the writer has not 
recommended the stretching of any wire beyond the ultimate 
conditions. If stretching is carried on too far, it most assuredly 
is dangerous, but if soft copper is to be used at all in overhead 
lines and to be erected with reasonably small sag values then a 
certain amount of stretching cannot be avoided. If 17,000 lb. 
per sq. in. or b the ultimate strength is the proper allowable 
stress, as recommended in the overhead report of the National 
Electric Lighting Association, June, 1911, then the stretching 
of soft copper is considerable. In fact the elastic limit of an¬ 
nealed copper is very low and indeterminate, and it would be 
impracticable . to use annealed copper without stretching. 
Further, on this basis satisfactor}^ calculations cannot be made 
for annealed copper unless data on permanent set, increase in 
tensile strength due to stretching, etc., are available. 

P. H. Thomas: Attention should be called to the ingenious 
method of Mr. R. S. Brown, found in the discussion of these 
papers, m which he has simplified line calculations. It is 
well known Jhat in any transmission wire not containing loops 
there is an inherent relation between inductance and capacity, 
so that one property bears a definite numerical relation to the 
other property, this relation being expressed by the equation 

L c = , where F is a constant approximately equal to the 


velocity of light. The relationship is as a matter of actual fact, 
somewhat disturbed by conditions within the conductor, but 
presumably not sufficiently to interfere with its practical ac¬ 
curacy for general work. While this relation has been well 
known as far as I am aware it has not previously been directly 
applied to the simplification of equations containing both in¬ 
ductance and capacity as apparently independent variables 
Considering Mr. Fowle’s discussion of the choice of maximum 
conditions to be met by any particular structure, I would like to 
call attention to one saving fact, namely: that, should a strain 
appear on the wire greater than the elastic limit, the result will 
not ordmanly be the rupture of the wire but merely a certain 
stretch which will greatly relieve the tension in the span This 
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condition serves practically to greatly extend the extreme con¬ 
ditions under which an actual rupture and falling of a line con¬ 
ductor would be expected. This favorable situation exists, of 
course, only with regard to the wires or cables strung along the 
poles and does not extend to the line poles, except as against 
such strains as are produced by the toggle effect of the sus¬ 
pending wire. In the case of a stretched wire it will of course 
sometimes be necessary to take up slack afterwards. 

I should like to call attention to Mr. Darrow’s communication 
on my paper as representing a very careful study of the method 
and its relation to the present ordinary methods. Mr. Darrow 
has given the values upon which the curves of Chart No. 2 of my 
paper are drawn, but has extended the computations to more 
significant figures in such a way as to permit the application of 
the curves to much tighter spans, such as are frequently used in 
telephone and relatively low voltage distribution work. 

> Harold Pender and H. F. Thomson : The object in presenting 
the detailed derivation of the formulas in our paper was to put 
in a readily accessible place a complete discussion of the limita¬ 
tions of the approximate formulas used in practise. We should 
l^ave been no more surprised than Mr. Lincoln had we found that 
for short spans the assumption of a parabola introduces a con¬ 
siderable error and that in the case of short transmission lines 
the simple method of calculation ordinarily used gives er¬ 
roneous results. In view of the fact that long spans and long 
lines are becoming more and more frequent it is important that 
the limitations be recognized. We wish to point out again that 
the complete rules for the use of the charts are given on the charts 
and that it is therefore unnecessary in using them to refer to the 
detailed deductions in the text. 

The method of solving the wire span given by Mr. Thomas is 
exceedingly simple in theory, but requires considerable slide 
rule calculation. Our chart gives the same results but only a 
single slide rule computation, a simple multiplication, is neces¬ 
sary. To show the graphical portion of our solution we have 
reproduced as Fig. 6 the part of Chart No. 2 necessary for the 
solution of the example of the aluminum wire span given at the 
foot of the chart. The location of the points A, B and C has 
been explained previously. It will be noticed that only two 
of the system of curved lines given on the chart are necessary for 
any single solution. It should be observed also that for a given 
span the tensions and deflections for any series of stringing 
temperatures may be found by locating other points like C 
by means of lines parallel to B C and passing through the cor¬ 
responding temperature points on A B. A number of such lines 
for the above example are indicated in Fig. 6. The advantage 
of this chart when one has to make a number of calculations for 
different lengths of span or for various temperatures with a given 
span is evident. • 

It is worth noting that the relation'!, c = 


V 2 


used by Mr. 
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Brown applies only to overhead transmission lines where the 
capacity is not influenced by the presence of other conductors 
or" the earth. The relation does not hold for a lead sheathed 
cable, nor does it hold for a loaded telephone line. This also 
applies to -the capacities given on our Chart No. 3. 



Fig. 6. 

Location of points ,4, B, and C for example of aluminum wire given on 
Chart No. 2 For tensions and deflections at stringing temperatures 
other than 70 deg. fahr., draw lines parallel to B C through points on 
.4 B corresponding to the respective temperature corrections, as 50 deg., 

60 deg., etc. 


In the paper the report of the Joint Committee on Overhead 
Line Construction is misquoted. Their recommendation for 
the maximum load is the simultaneous existence of 0.5-in. of 
ice, a wind piessure of 8 lb. per sq. ft. and a temperature of 
0 deg. fahr., not -20 deg. fahr. as statedjin the text. Our atten¬ 
tion was called to this error by Mr. R. D. Coombs. 

^The error pointed out by Mr. Robertson in Fig. 3 in his paper, 
when the points^of support are not on the same level, does not 
enter into our formula (31). The phenomenon referred to 
is taken account of by the second term in the parenthesis. 
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THE HIGH-EFFICIENCY SUSPENSION INSULATOR 


BY A. O. AUSTIN 


The high-efficiency type of suspension insulator has become 
an important factor in high-tension transmission within the 
last few years, and it is hoped that the considerations which led 
to the design of this type will be of interest. 

A very high potential and small current, with a wide range 
in power factor make quantitative measurements very difficult. 
For this reason the performance of the insulator is based largely 
on visual phenomena or comparative test. 

In service the insulator is subjected to two classes of stress— 
mechanical and electrical. Mechanically the insulators must 
withstand the stresses necessary to support the conductor, and 
electrically it must prevent failure by the current passing 
through the insulator, over the surface, or through the air from 
conductor to support or ground. To satisfy the electrical 
requirements, dielectric strength, surface resistance and ca¬ 
pacity are necessary. 

It is not sufficient that these properties be developed for 
laboratory tests only, but for conditions in service where the 
effect of depreciation and its causes must be given due con¬ 
sideration. 

After making a larger number of tests on the different types 
of insulators in 1904, it was decided that if an improvement was 
to be made in the insulator, it would be by improving the 
efficiency rather than by increasing the size or weight of the 
insulator. With this idea, a number of experiments were started 
on different styles of disks to obtain their relative efficiencies 
as insulating members for the high-tension insulators. As it 
was desired to design an insulator for the severe conditions 
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around San Francisco Bay, 1 1 u* eitect ui sunau' depreciation 
was of greatest importance, lor it was evident that alter a Saw 
years operation, insulators failed through t he surluee i ne a nine. 
e< >ate<l. 

In photographing the dillerent types, it was noticed that, there 
was a difference in t lit* nature ol t lie llashover, the are in some 
instances following the surface, taking a very long path Between 
conductor and pin, while in ot hers t he pal h ni the are wa:. through 
the air or partially over suriaee and through the air. It was 
noticed, however, that the are followed the stirs ace in the larger 
types excepting where a wooden or ponvlain pin was used. 1 he 
reason for this was not at first apparent, but alter a study ot tin* 
characteristic it was decided that this was. largely due to the 
overstressing of a part, the insulator tailing B; a eas.ca.de action. 
It was well, known that certain part:. o| the insulator were greatly 
overstressed, causing many insulators, to puncture on a msBlcd 
test, But the remedy for this* had no! Been advanced. 

Shortly before this time, considerable improvement had been 
made in design to obtain higher llashover oi t he in mint or under 
storm conditions by giving the insulator large unking distance 1 , 
between surfaces. This, however, was; carried to an ext name in 
some' of the designs, for it was readily seen that alter the insu¬ 
lators were in service, that it would no! Ik* possible to utilize the 
full striking distance owing to there being a weaker path over 
the surface for the forming of tin* are. 

As the rating or capacity of the insulator is based largely on 
the potential necessary to flash over the insulator under storm 
conditions, it is important that the properties influencing the 
flashing or arcing be given close attention. 

There are two types of insulator,, shown in Big. t; mores 
the insulator Hashed over, the are forming over the surface, 
while in the other one, the are look the air path. If the are 
builds up over the surface on the clean insulator, il will follow 
that the potential required to cause flashovn will be much lower 
after the insulator surface has depreciated under operating, 
conditions. If, however, the are forms bet ween surfaces through 
the air practically the same potential may Ik* necessary to cause 
llashover even after considerable surface depreciation lias set. in. 
This latter will be true as long as the path over the surface 
shunting the air path will maintain a drop in potential equal 
lo that necessary to rupture the air pa flu 

The amount of depreciation which an insulator will stand and 
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not lower its rating depends upon the excess in surface insulation 
between the points where the arc forms. In the pin-type insu¬ 
lator it is very difficult to obtain the same ratio between surface 
resistance and the flashing distance, as a slight change in the 
distance or conditions varies the relative values to a large extent. 
In the suspension insulator, however, there are more nearly 
ideal conditions. 

Owing to the limitations of the pin type insulator, engineers 
were looking for a different type of insulator, and several designs 
of suspension and post types were proposed in 1904. Tests on 




Fig. 1. 



ome of these showed that they had very good properties, but 
hat the efficiency would have to be very much improved before 
hey would be of importance. 

In addition to the electrical characteristics, a study of manu¬ 
re tnring methods was made in order to form a basis for practical 
©signing. This work all required much time, and it was neces- 
ary to develop not only manufacturing methods for making 
.p some of the pieces, but the porcelain body also. It was later 
outnd that a number of the principles had been used in some of 
he earlier types of insulators with success, but had been practi- 
ally abandoned and forgotten at the time. 
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In service, I.lie i nuila tor must, he regarded as a Inch resista mm 
The drop in potential over the surlaee will < 1 pend u i »u the 
flow of current and the resistance of the surface. A * he surface 
resistance varies greatly with a change in conditions. usually 
tile worst conditions an* assumed tor tlie purpt »se ut analyses 

The earl\' telegraph insulator:; appear to have been wry 
carefully designed so as to give high surface resi-.tance. While 
the voltage remains low, no trouble is experienced by the over- 
stressing of air-gaps as they are relatively Ians* ami high surface 
resistance may In* obtained by providing long leakage paths of 
small diameter. 

When the voltage is i in Tea set b larger insula? on made asms 
the same lines are between flu* ends of petticoat:' and are ma- v 



at potentials considerably below llashover; for if I he difference 
in potential between any two points in the leakage path become:-, 
equal to the flashing potential for f he air distance between I he 
points, overstressing develops and an an forms. 

The insulator <loes not, necessarily flash over, but is likely to 
spit and become very noisy. Large air space,; remedy ?hi - fault, 
but if not properly placed low efficiency results. 

As surface resistance not only prevents a serious loss of cur¬ 
rent but. is responsible for t he potential gradient over the surface 
of the insulator it. is of no little importance. 

The resistance of an insulator must, be determined by taking, 
the width into account as well as the length of leakage path. 
Surface resistance will vary directly as to length and inversely 
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as to width. The width of the leakage path at any point will be 
2 7T r where r is the radius of the zone at that point. By taking 
as the unit of resistance, a surface one inch (2.54 cm.) in width 
and one inch in length, the resistance may be determined in 
terms of this unit. 

Fig. 2 shows the effect of diameter on resistance and shows 
how very misleading it is to base surface resistance on length 
of leakage path. The area below the curve gives the total re¬ 
sistance and shows very plainly that a leakage path of large 
diameter furnishes but little resistance compared to a path of 
small diameter. 



Fig. 3. 


# 3 shows the resistance integral curve for a 10-in. (25.4 cm.) 

high-efficiency disk. The shaded portion represents the resist¬ 
ance furnished by the petticoats. Fig. 3 b shows a detail of a 
unit. 

The petticoaf is a very efficient way in which to increase 
surface insulation, for 16 per cent of material added in the 
form of petticoats increases the resistance of the lower surface 
100 per cent. In this manner a high surface resistance can be 
obtained with a small diameter. 

The resistance integral curve Fig. 2, plainly shows that where 
the diameter of an insulator is made large, very little resistance 
is gained, for in order to produce an effective drop in potential 
over the lower resistance of a zone of large diameter would re¬ 
quire a leakage current so large that the zone of small diameter, 
in series, would be a mass of fire. Where very large diameters 
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are used for seven* conditions it is equivalent to placing a Hbe.p, 
lamp and a f>0 cap. lamp in series on double voltage and expecting 
an efficient eombination. 

The petticoat in addition to providin'’ an increase in surface 
resistance reduces the elect rust a tie capacity of the flange, 
'Phis reduces the charging current and gives the erf itm a 10 per 
cent higher flashing potential without merca* tie* the distance 
between cap and pin* 

A. high (’barging current on the surface evaporates the water 
striking the surface, preventing a washing action, and in addition 



highly conducting com pi muds are produced greatly depreciating 
the surface insulation. 

In an endeavor to reduce the charging current and eon-.equeuf 
depreciation several all porcelain types, were developed. shown 
in Fig, *1. 

These insulators had very good properties, hut if \va found 
that the high efficiency disk type with low charging current 
gave nearly as good results and had decided mechanic, d ad 
vantages. 

Tim Inclination or Siam iso or nm Skirt or Prwor 

After conducting a number of tests with fog shields, and oil 
suites in an endeavor to protect insulators against, depreciation, 
it was decided that tin* operation of the insulator could he 
greatly improved by obtaining a better relation between the 
surface gradient and spacing of parts. 
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Where I lie distance between parts is too small for the stress, 
,m 1 s biblishe<l. 1 lie are reduces the potential between the 

|,arls ' i, ‘l»; n<iin W 0,1 Ult ' current in the arc. In some insulators 
overs!ressinjt or areinK starts at a very low potential. The 
insulator does not necessarily arc over, for the current in the 




are may be limited to the leakage or ehurj'inj' current of the 
insulator or part, there beiny enough insulation in series to limit 
tlir nirniif in the arc. 

iviiM'r the are bridging an ovejslressed air-gap arts as a, con¬ 
ductor shunting the* sur¬ 
face resistance, it lowers 
the efficiency of the insu¬ 
lator ami should bo pre¬ 
vented by arranging the 
clearances in proportion to 
1 lie diffrrrnrr in potential; 
that this is especially im*» 
port ant where the condi¬ 
tions arc severe is shown 
by the following: 

Figs a shows a simple 
insulator, it being desired 
o Imd the proper position of the skirl or flange to prevent 
#v erst reusing and give maximum flashing potential 



t*4 rtlli'** »-d ,U| 1,,» » 

I’d .»!»» r *4 |>»ivri •• *i* 1.»» r 


Fie, 
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E = potential necessary to strike arc between e and d. 

Si = potential to strike arc between e and b. 

5o = potential to strike arc between b and d. 
i ~ leakage current. 

pi = drop in potential over upper surface. 

p* = drop in potential over low r er surface. 

The distance between b and ground and b and pin is made equal 
or b d — b c. 

Since the maximum potential which may be applied to the 
insulator is limited to the flashing potential for E or the shortest 
air path of the insulator, the flashing efficiency will be the ratio 
of potential necessary to flash insulator, to this potential. It is 
evident that for maximum possible efficiency, the following 
equation must be satisfied: 

pi~\-p2.—E (1) 


pi = Si 
S 2 

applying Ohm’s law gives 

• P 1 = hi 

pi 1 2 i 

For practical purposes 

51 _ b e 

5 2 b d 


( 2 ) 



( 4 =) 


Substituting from (3) and (4) in (2) gives 

ri _ b e 
r 2 b d 


( 5 ) 


Substituting for 


gives 


Ti 


= tan 6 


( 6 ) 
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Therefore, to obtain maximum striking efficiency the angle with 

the conductor must be such that tan g = - r - 1 . 

r - 

Equation ( 6 ) shows that for maximum wet striking distance 

corresponding to 0 = 0 that -g- =0 which can only be satisfied 

when q=0orr 2 = co. When an insulator is clean and the under 

surface dry while the upper is wet, —- 1 - is very small, and a 

r 2 

nearly horizontal skirt will give good results. This, however, 
comes far from representing conditions found in practice where 
the upper surface may have more resistance than the lower. If 
the resistance of the upper ‘surface is higher than the lower, 
then tan 6>1 and 6 is greater than 45 deg. 

That this is no exaggeration in practice is evident when it is 
considered that where conditions are severe the lower protected 
surfaces are continually depreciating due to accumulations of 
conducting material, while the upper surfaces retain a fair state 
of insulation due to the washing by the rain. 

That fogs are likely to give most trouble, is evident when 

the value of ^ is considered together with the design of the 
insulator. 

When the insulator has been in service some time, the upper 
surface is fairly clean compared to the lower, and even in a rain, 
the wet upper surface may have a resistance comparable to the 
dry but dirty lower surface. During a fog, however, all sur¬ 
faces are wet, and the resistance of the dirty lower surface is 
very much lower than during a rain storm, greatly increas¬ 
ing For this condition 6 should be large, but if 6 is small, 

overstressing may develop and a large part of the surface insula¬ 
tion lost through the shunting or leakage arcs. 

From the above considerations it is seen that in practice 

T\ 

may vary from nearly zero to greater than unity and that 
for a slight change in conditions d should vary accordingly 
to give maximum efficiency. It is very desirable to keep — r — 
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constant formal! conditions so that the inclination < >! flu* skirl 
will not have to be changed fora slight variation in conditions, 
in order to maintain efficiency. 

When 0=0 /l - 0 for all conditions and efficiency equal 

To 

100 per cent, hilt, the resistance of the upper surface r\ is lost. 

By’making r« large 1 in comparison to r j will necessitate onlv 
a slight change in the inclination 0 to obtain maximum effi¬ 
ciency. Furthermore if r« is large* 0 will he small. The increase 
in r<> will reduce I he leakage current, and the electrical gradient 
over the surface will be less. Fig. kb shows that the petticoats 
form a very effective means of increasing r». 

The insulation of the air may be regarded as constant while 
surface insulation depreciates with time and severe conditions. 
Them by designing tin* insulator so that tin* flashing potential 

is limited by the breaking 
down of the air paths, the 
rating or capacity may not 
he affected by surface depre¬ 
ciation, 

To insure the air eliarae 
teristic in the insulator* the 
striking distance bet ween sue 
eessive sections is made .small 
so that the weakest path for 
tin* forming of tin* are will be 
Pm. tk through the air. In providing 

the air characteristic it is im¬ 
portant that the length efficiency remain high; the following, 
example showing the (‘fleet of inclination of flange on the 
length efficiency. 

Pig. (> represents two successive sections having section length 
a r, it being desired to find the effect of inclination of flange on 
the length efficiency. 

r - potential necessary to flash between a and lower insulator. 
Ii potential necessary to flash a t\ 
l> ■ potential necessary to flash a h, 

(/ potential drop from b to <\ 

The efficiency !> r ^ ^ 



(7) 
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hi. ill, i/ Ik (Mines very small. If the diameter is 

1,11,1,1 11 .'isl.mee Innn b to c is verv small, even 

</ ".ay he considered as zero without, ina- 

••‘•tni}: results. 

i) 

Kl'licieuey - P (8) 

' ,l ! ""l'" '''• ^ H ' potential is proportional to striking 

frfire 

P a h 

/'. « , < 9) 

‘I I' ill 18 } j'jVeil 

!' a i eos 0 

/*; „ r ms0 uo) 

1 dial ii J 0 the effteieney ms() and 

" ~U f tht'leney art:; 0 | u|' (} 0. 

r Mf 1 !il< »*MiIatnr is ian*c or where the under 
!|r Hi-iiLilMi' Isa:, a hiyji resist anee roinpaml to tin* 

vrn and equalion c 10 ) vary nearly 

■ » onditinie, in praetier. 

UVi <‘ ** ,r 'tn iarr- resistance iiu’vc, ii. will hr seen that 
•* n • hi- diameter of f lu* insulator dermises, mviny 
1 **■'•.}',!aiu'i **i the /out* of smaller diameter, 

'■ lf| *n in general, the smaller the diameter, 

* ll * h r,? ***: whir melmalion for maximum length 
h -how- that where insulators of lurye diameter 
■ 4, ' ,: -rdh rfhrfrtiev will he lowered greatly with the 
-h* 'Jasi or llanye, 

Mil nil A HIM IV OF IIIK lNsm.ATOK to 
1 Hi i < t Mi M Htkkss 

■* I¥ in ' ;| hoior uima withstand two classes of stress; 

at normal fref|iu*uey and voltage, and tlmt of the 
• - airyr.. The insulator must operate indefinitely 
am,d Imp |*Mienfiah which affeets every insulator 
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on the s} T stem. The surge, however, may throw a very high 
stress on a few of the insulators, but only for an extremely short 
space of time. 

For reliable operation, no insulator should puncture or fail 
by flashing or spilling. To produce 100 per cent reliability 
against flashing or puncture, would require a very large invest¬ 
ment in the line, but it is possible to obtain a high degree of 
reliability at a moderate cost for the line by using the suspension 
insulator. To prevent spillovers would require very large in¬ 
sulators and the greatly increased cost would not be warranted 
by the small improvement in operation over that afforded by 
ordinary practice. With a spillover, the line may not be ap¬ 
preciably affected, but when an insulator punctures, the line is 
usually disabled until the faulty insulator is replaced. Since 
dielectric strength does not necessarily require an increase in size 
in the insulator and is of such great importance in affecting re¬ 
liability, more attention should be given to it in the insulator. 

In order to increase the reliability against puncture, it is 
common practice to test all insulators at a potential several 
times that of the line. This weeds out a number of the weaker 
insulators and improves the reliability, but owing to the time 
element in effecting breakdown, does not insure absolute re¬ 
liability nor uniform strength. 

In the ordinary high-tension insulator, the testing stress 
compared to thickness is not high enough to puncture perfect 
material. When insulators of this type are tested, it is found 
that the breakage becomes less as the time of test increases, but 
is never entirely eliminated. 

In order to draw conclusions as to reliability in the insulator 
against puncture, it is necessary to study the time puncture 
curves. These curves are constructed by noting the time that 
each puncture occurs after the potential has been applied and 
plotting the per cent of breakage in respect to time. 

The greater number of pieces on which the curve is based, the 
more valuable will it become. 

^ shows the breakage or time puncture curves for an 
insulator or part at two different potentials. When the dif¬ 
ference in test potential is not very great, a high potential for a 
short time eliminates practically the same material that a lower 
potential would, applied for a longer time, the curves being dis¬ 
cussed on this basis. 

Curve A shows a breakage of 2.2 per cent after -J minute test 
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at 100 kv. In order to have eliminated the same material at 
85 kv., curve B shows that it would have been necessary to test 
for 4.7 minutes. 

If the insulators which had received the 100-kv. test were 
tested for another § minute at the same potential, there would be 
a loss of 1.2 per cent. If, however, the insulators which had 
received the first half minute test had been tested for J minute 
at 85 kv., the loss would have been only 0.2 per cent or about 
i what it was at the higher voltage. 

The curves show that if the insulators had been tested for 
5 minutes at 100 kv., it would take a very long time at 85 kv. to 
cause a breakage of one per cent. If in place of 85 kv. a potential 
of 50 kv. was applied, it might be a matter of days before one per 
cent had punctured. 



By having the breakage time curves, it is then possible to 
construct the time potential curve which shows the relation be¬ 
tween time and potential to produce a certain per cent breakage. 

When the time potential curve and the stress carried by the 
different parts in the insulator are known, it is possible to predict 
the number of punctures in the complete or assembled insulator 
for any potential and time. 

By limiting the flashing potential, and having the curves and 
knowing the punctures on the line, some idea as to the relative 
conditions in operation and test may be obtained. 

If a transmission system installed 50,000 insulators shown in 
curve A which had been tested to 100 kv. for one minute and 
the number of punctures were 10 for the year, the breakage 
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would be 0.02 of one per cent. The stress that would produce 
this breakage would run from the line potential to that of flash- 
over, most of the breakage being at the higher stresses during 
lightning storms, as most of the punctures in operation occur at 
near flashing potential of the insulator the time breakage curve 
for this potential should furnish a fair basis of comparison for 
punctures, providing the stress in service can be limited to this 
value. 

Curve A shows that after testing the insulators for one minute 
at 100 kv. the rate of puncture is 1.3 per cent per minute. 
From this it follows that to produce the same number of punc¬ 
tures at 100 kv. on the 50,000 insulators that occurred on the 
line, the stress would have to be applied until 0.02 of one per cent 

were punctured or for = 0.0157 minutes. 

Reducing the stress 15 per cent from that in curve A gives 
punctures in accordance with curve B. The rate of breakage 
given by the 85-kv. curve on insulators first tested for one 
minute at 100 kv. is 0.18 of one per cent per minute as against 
1.3 per cent per minute on the 100-kv. curve and the breakage 
for the same interval of time might be expected to be reduced 
accordingly. 

From this it would follow that by constructing the insulator 
so that all stresses in practice would be reduced 15 per cent, the 

0 18 

punctures would be reduced from 10 to V“q of 10, or 1.38, esti- 

1.0 

mated from the time breakage curves. 

In the above example, the possible 86 per cent reduction in 
punctures can be made use of in practice if all stresses are re¬ 
duced 15 per cent. This can be approximated by the addition 
of a part to the insulator which would take 15 per cent of the 
stress. Up to 100 kv. on the insulator this would be entirely 
satisfactory, but if the addition of the part increased the flash- 
over potential, the stress on the original insulators would not be 
kept down to 85 per cent under heavy surges, and the benefit 
of the added part would be partially, if not totally, lost under 
these conditions. 

By adding the part such that the flashover is not increased 
and 15 per cent of the stress is absorbed, the insulator would 
operate in accordance with curve B, with an 86 per cent re¬ 
duction in punctures over that when operating in accordance 
with curve A. 
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1 o make full use of the 86 per cent reduction in loss in the 
above example, the stress at flashing potential on the insulator 
would not exceed 85 per cent of that which it received on test, 
or m other words, the insulators would have a tested factor of 

, . ,100 

safety of or 1.175. 

This is accomplished in large pin type insulators by designing 
the parts so that they will have a high flashing potential com- 
pared to the stress which they have to carry at flashover on 
the complete insulator, permitting of a tested factor of safety. 
In the suspension insulator, the section length is reduced so 
that the entire insulator flashes before the tested or flashing 
potential for a part is reached. ° 

If m addition to providing a tested factor of safety at flash- 
over the test be continued, the reduction in probable punctures 
wfll be made possible in accordance with the increase in re¬ 
liability shown by the time puncture curves. By testing to. 
five minutes at 100 kv. in the above example, the rate of puncture 
is reduced from 1.3 per cent per minute at one minute to of 
1 per cent per minute, reducing the probability of puncture 
7.) per cent or to one puncture about every three years. 

It may be contended that owing to the time lag in the break¬ 
down of the air, that the impressed potential on surge will be so 
high that time puncture curves made at normal frequency will 
be of little value. While the time puncture curves made at 
different potentials and normal frequency may vary considerably 
from those made at high frequency and short time, the general 
characteristics would probably be the same, and a factor of 
safety based on the curves made at normal frequency would 
apply in general to operating conditions. 

There is such a marked reduction in loss at- testing potentials 
by applying a small factor of safety, that it seems reasonable to 
assume that by making the tested factor of safety large and the 
air path over the insulator direct that the insulator may be 
made to withstand even the direct stroke of lightning. 

The chief value derived from the time puncture curves is 
a basis for determining the relation between cost of insulation 
and reliability. 

To give the same degree of reliability against puncture, the 
rate of puncture per minute at end of test should be the same, 
for similar insulators made at different times or by different 
processes or factories. 
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Fig. 8 shows the time puncture curves made on the same piece 
of ware at different factories. Curve C shows a loss at the 
end of the test at the rate 2.4 per cent per minute at 55 kv. 
Curve D gives for the rate of loss one per cent per minute at the 
end of the test. Some idea as to the effect of the reliability 
of the two lots of insulators may be gained by the performance 
of the above on test. If 10,000 of lot C were again tested 
for 10 seconds they would show approximately 60 punctures. 
While lot D when given the same test would show only 17. 

If the test potential is low compared to the stress which the 
part may receive in service, the time breakage curve may not 
give a proper comparison, for a piece which had a relatively very 
low breakage rate may have at a higher potential a high rate of 
puncture and a higher total loss. 



Fig. 8. 

If has been shown that insulators of given reliability may 
have their reliability greatly increased by providing a tested 
factor of safety for severest conditions. When a tested factor of 
safety prevails throughout the insulator the flashing charac¬ 
teristics are very interesting. 

Fig. 9 shows a four-section insulator flashing from conductor 
to support, the arc forming through the air. As this insulator 
has a tested factor of safety, the air path from conductor to pin 
was broken down before a flashing (or tested potential) was 
reached on any section. If the mechanical limitations would 
permit, the tested factor of safety could be further increased by 
adding another unit without increasing the length. 
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Ien!S - ‘^ aim °f the same 

length as m Pig. 9, but m this instance the arc is seen formic 

over the surface of each part, since the arc picked up over Jhe 

surface m the same way on test, it is reasonable to assume that 

k w ,77u S ap P r0Ximately the Same in case. From thi 
It would follow that when an insulator has the surface arcin- 

aractenstics that it can never have a tested factor of safetv 

" the sectioos in the 

could be tested m a denser atmosphere permitting of a higher 
potential than that which would cause flashover in "the 


a teSt6d faCt ° r ° f Safet y be gain, 

even though the arc, picked up over the surface in the insulate 
at flashover. This method, however, is impracticable. 

Any insulator tested at flashover near sea level acquires 
tested factor of safety when installed at a high altitude, owir 
to the lowered potential necessary to cause flashing at the great. 

Fig. 11 shows the free arcing characteristic in a pin type insi 
lator having a tested factor of safety. Fig. 12 shows a pin tyr 
having the surface arcing characteristics. In this insulate 


Fig. 9. 


Fig. 10. 














2320 AUSTIN: SUSPENSION INSULATOR [June 30 

225 kv. was necessary to flash the insulator while the aggregate 
test potential of the four parts was in excess of 270 kv. That 
the excess in test potential does not provide a tested factor of 
safety for some part, is due to the surface arc being formed by 
flashovers on the parts individually until the arc is formed over 
the series. The insulator really fails at 200 kv. when a small 
shell reaches flashing potential and spills, throwing more stress 
on the remaining parts. By raising the potential slightly, one 
of the other parts is overstressed, and the arc forms in cascade 
over the entire insulator, thus producing a flashing potential 
on every part equivalent to its test potential. 



Fig. 11. 


Owing to the lack of tested factor of safety and poor reliability 
in the ware, some designs of the disk type have shown up poorly 
at flashover and the dielectric strength of the single-piece disk 
type was unjustly condemned. 

The Distribution of Stress in the Insulator 
The sections may be regarded as electrostatic condensers in 
series, and if the same flux was carried by the dielectric in each 
member, the distribution of stress would be uniform. 

E = potential applied to the insulator or series. 
t = tested dielectric strength of a member of the series. 
e — drop in potential over or stress on a section. 
q = charging current for a section. 

C = electrostatic capacity of a section. 
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For the electrostatic condenser e = -^~ and for the series 


E — ei+eo+ez...e n = .~l~g2C^ i £3 c n ) . Qnjci C2 c n ~ 1) 

C 1 c 2 Cz . c n 

( 12 ) 

Q . = ^T 0 2 sa ™ e 0 , dielectric flux in each insulator 

Si 22 Si St- ■ equation ( 12 ) may be written 


E = q 


(C2 C 3 ...£,J±_(c 1 c»....c„)+....( C} c 2 . c .,-0 


C\ Ci Cs . c n 


•Pig. 12. 

( 12 )^ becomes C2 = Ca ' ’ Cn corresponding to practice. Equation 

. E= ~ (Si+Si+Sa--Sn) ( 14 ) 

If bo h c and q are the same for each member of the series, 
£ = -f (1 + 1 + 1 .. «) (15) 

















2322 


AUSTIN: SUSPENSION INSULATOR 


[June 30 


From equation ( 15 ) we get the stress on each section 


£ = J 


c n 


— e 


( 16 ) 


When n is large enough, e becomes less than t and a tested fac¬ 
tor of safety — is obtained. 
e 


If E is the stress necessary to flash insulator, for >1, 

the arc strikes through the air from conductor to support, 
otherwise a flashing stress t would be placed on each section, 

and — = 1 or — < 1, when parts have been tested below flashing 

C Q 


potential. Tests in the suspension insulator show that e varies 
for different sections and as c is the same for each section, equa¬ 
tion ( 14 ) represents the series. 

The uneven distribution of stress is caused by part of the di¬ 
electric flux taking an air path. Owing to the position of the 
lower section practically all of the flux must pass through from 
metal to metal, making q larger for this section than any other. 
The upper section would also be expected to carry more stress 
than some of the others. 

Since q varies on each section, c must vary accordingly in 
order that uniform distribution of stress may result. To obtain 
uniform stress distribution in this manner would be very un¬ 
desirable for each section would be different from every other, 
and the advantage of interchangeable parts would be lost. 
Although impracticable for the suspension insulator, this 
method has been found very valuable in distributing stress in 
the pin type insulator. This method was used on some of the 
first high-efficiency disk insulators with good results. 

If the series is represented in equation ( 14 ) a uniformly 
tested factor of safety for the series may be had by making t 
proportional to q for each section. This would necessitate 
sections of different size and would be more impracticable than 
varying the electrostatic capacity. 

Since q depends almost entirely on the electrostatic capacity 
of the series, a decrease in the electrostatic capacity of the series 
will produce a decrease in q. 
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ThS “ electrosta tic capacity of a given length is 

accomplished by decreasing the length of section so as to include 
more m the senes. c 

With the limits in practice it is possible to make q so low 
that | will provide a tested factor of safety against puncture. 
Although the tested factor of safety varies for different units in 


the series. Satisfactory operation with a flashing stress on the 
insulator depends on providing a sufficiently large factor of 
safety for the end section. 

Owing to too great a section length in some single-piece disk 
suspension insulators, no tested factor of safety was provided 
for any of the units, and when tested to flash over, punctures 
occurred, giving rise to the opinion that the single-piece disk 
suspension insulator was inferior to the two-part disk suspension 


Fig. 14. 
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insulator, while' I In* nppnsite was the ease with properly <1*.’sicne* 1 
insulators. 

Tliat st ress <lislrilmt inn ran hr non! rolled hv change in c 
equation ( 13 ) is shown by tin* following eases: 

Fii^. 13 shows a sus|H‘nsion insulator eomposed of two set*!ions 
the upper having a small electrostatic eapaeit.v e< an pare?! to 
the 1 lower. In the position shown, 57 kv. was required on the 
small insulator to rause it to are and a potential of only 02 kv, 
on the series eauscsl llu* smaller to he stressed to its flashine 
potential. The photograph was taken with 02 kv. on the series 
and shows the charging current of tlu* large' insulator forming 
a.n ana over the smaller. To dash over tlit* series, required 
150 kv. 

Pig. M shows an insulator of relatively small electrostatic 
capacity between two sections of larger eapaeity. Wdieu tested 
alont', flashing potential of the small unit was. 57 kv. The 
photograph was taken with 07 kv. on the series, this being stillh 
rient, to overstress the small insulator, while dot) kv, was re¬ 
quired to Pushover the series. When it. is considered that the 
overs tressed member shown in Fig. hi adds hut little to the 
Pushover of the rest of the insulator, it is seen why outr designs 
are very inefficient. 

The economic' importance of producing reliability by de. 
signing the insulators for a tested factor of safety is apparent, 
from the following; 

Prom the time breakage* curve it is seen that the rate of break- 
age decreased very slowly after the knee of the curve is passed 
and it would take* a very long time* to produce the reliability 
that could be gained by testing tor a short time and then pro¬ 
viding a tested .factor of safety. Carrying the test for 15 minutes 
at 100 kv. gives a rate of breakage of O.IS of one* per cent per 
minute and a total loss 8 per cent. The same rate* of breakage 
on the 85-kv. curve is obtained after 10 minute test at 85 kv. 
or a one minute test at 100 kv.. the* breakage being only 3.5 per 
c'ent. Hence by providing a. factor of safely of 100:85 the same 
reliability is obtained with a test only 1/15 as long and a saving 
of 4.5 per cent material is made. 

That it is not necessary to lose any of the valuable eharae- 
(eristic's in providing a, tested factor of safety is seen by eom 
paiing two l()(}-kv. insulators in the following table; 
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illustration shows a two-section insulator—diameter 14 \ in. 
(36.8 cm.) length 20| in. (52 cm.) weight 45 lb. (20.4 kg.)— 
type B, flashing while a three section insulator—diameter 10 in. 
(25.4 cm.) length 17| in. (42.8 cm.) weight 25 lb. (11.3 kg.)— 
of type A, which is in multiple, has not reached flashing potential. 

Mechanical Strength 

The cemented suspension insulator would have come into use 
at an earlier date for high-tension work if there had not been 
doubt as to its mechanical reliability. Although some of the 
insulators made over 40 years ago had the iron cap and pin 
cemented to the insulator member much in the same way as the 
modem suspension insulator, the method was practically aban¬ 
doned. When it was proposed to adopt the type for high-ten¬ 
sion work, it was considered that an interlocking feature was 
highly desirable. There seemed to be no doubt as to the ability 
to cement porcelain to porcelain successfully, but there was doubt, 
however, in regard to the successful cementing of porcelain to 
metal, as there had been some reported failures of large pin-type 
insulators where a large pin had been cemented into the insu¬ 
lator. A careful consideration of the relative coefficients of 
temperature and elasticity for porcelain and iron indicated that 
the two could be used together successfully, for the range 
in temperature and mechanical stress to which the insulator 
would be subjected. 

The most feasible mechanical arrangements of parts placed 
the cement in shear and as there was no data at hand, the shear¬ 
ing stress of cement was computed by estimating the shear from 
cement cubes which failed by shear when tested to compression. 
Designs made as early as 1904 by using this method proved to be 
correct within a very small per cent. 

Porcelain has a tensile strength of approximately 2,500 lb. 
(1,133 kg.) per square inch (6.45 sq. cm.), good cement has a 
shearing ultimate of over 1600 lb. per square inch. By making 
the gripping surface of the pin and pin hole efficient, the full 
shearing strength of the cement is developed and a high me¬ 
chanical ultimate is obtained. Tests on some old insulators of 
this type gave an ultimate of from 10,000 to 12,000 lb (4 535 to 
5,443 kg.). 

Fig. 16 shows an insulator which broke at a little over 12,000 lb. 
When stress is applied the pin elongates straining the porcelain, 
and at the ultimate the porcelain fails by combined shear and 
tension, this causes the break in Fig. 16. 
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Ihe insulator may be designed so that the pin will pull with¬ 
out breaking the porcelain for the same ultimate, by changing 
e diameters of pm and gripping surface so that the shearing 
strength of the cement is reached before a breaking stress is 
developed m the porcelain. 



Fig. 16. 


The mechanical reliability of insulators based on the shearing 
strength of porcelain is well recognized, and insulators used for 
the highest stress are of this type. 



Fig. 17. 


Fig. 17 shows the detail of an insulator of this type used on 
heavy catenary work where a failure would be very serious. 
The insulator is designed for a combined mechanical and elec¬ 
trical ultimate of 35,000 lb. (15,875 kg.) and 110 kv. 

In the economic design for high ultimate mechanical strength 
careful consideration must be given the stresses, produced by 
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change in temperature and relative coefficients o! elasticity for 
the different materials as well as the shearing stress on the 
cement, making the problem rather difficult. 

For the same cost,, the cemented type is much mens reliable 
than any interlocking type, for its connections may be tested, 
eliminating the personal factor. Practice has shown that unless 
the interlocking parts arc larges the are at puncture may destroy 
the connections, as the interlocking connections do not always 
come in contact. 

The cemented type 1 may blow up on short .-circuit, but it. is a 
question whether this would not be an advantage in locating a 
fault. 

Reliability in practice depends on testing all insulators and 
connections, eliminating any weak members. ('ounce! inns 
must be simple and positive, otherwise when installed on the line, 
poor workmanship may lower tin* mechanical reliability. The 
connections should be such that, tin* replacement of a broken 
send ion may be quickly and easily made. 

High mechanical strength is obtained in the high 'efficiency 
type by making the gripping surfaces effective and developing 
the full shearing strength of the cement, permitting of very 
small metal parts, litis is important as the metal in t he insulator 
is a large part of the cost, and to obtain insulation with large 
metal parts it is necessary to increase the size of the porcelain 
for the same amount of insulation. 

The remarkable improvement in efficiency has not been eon* 
fined to the suspension insulator alone, great improvement, being 
made in the pin type as well. With improved manufacturing 
conditions greater improvements will be possible, reducing the 
cost of reliability in the transmission system. 

The electrical advantages of efficiency in design are greater 
dielectric strength, high surface insulation and lower deprecia¬ 
tion. The economical advantages are lower cost of production, 
lower weights, resulting in a saving in transportation and erec¬ 
tion, greater length efficiency, permitting of a saving, in the 
suspension type, in the height of towers and length of cross, arm. 

With the increase in the size of the transmission systems relia¬ 
bility will be more important, and the elements of reliability 
in the insulator will receive more of the* attention that they 
deserve. 
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E. E. F. Creighton: The fact, lias been brought out a number 
of times during the past year that the great problem at the present 
time in high tension transmission is really confined to the line, 
and is a matter mostly of protection, against lightning on the 
line. Personally I have a great admiration for the work the 
author of this paper has done in perfecting insulators. Although 
the methods used differ from the methods of observation used 
in the lightning arrester laboratory, Mr. Austin gets, apparently 
the same result, i have not had an opportunity to read the 
entire paper, but have personally talked with Mr. Austin about 
his methods of observation, and as I see them, they consist in 
observing the successive flooding of the insulator parts by brush 
discharge when the potential is gradually increased. In that 
way tin* relative stresses can be observed over the different parts 
of the insulator. In the lightning arrester laboratory tin*-rela- 
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tion of potential to puncture and potential to flash around the 
skirts of an insulator is determined by a sudden discharge from 
Leyden jars wit h a frequency approximating about one million 
cycles per second. 

Since the problem is not dielectric* strength for dynamic po¬ 
tential, but the protection against lightning, it is important to 
have tests that will give an indication of the effect lightning 
will have, The ordinary method of testing insulators, that is, 
gradually applying potential, does not give any indication of what 
the insulator will do under lightning stresses. This point, has 
been brought up before. To illustrate, if this is the porcelain 
disk (see accompanying illustration Pig. I) and the potential 
is applied between the top and the bottom, and is gradually 
increased, the effect is to produce corona streamers which run 
out, more or less from the terminals, and before the spark takes 
place the distance between tin* terminals has been very ma¬ 
terially reduced, so that one might say that the spark look place 
front some point (* out on the skirt of the insulator around to the 
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other terminal. Now, when a high frequency of anywhere from 
500,000 to 3,000,000 cycles is applied to the same insulator, 
the discharge has to jump the entire distance from metal to 
metal around through the air or puncture the porcelain. I have 
made many tests on the pin type of insulator. One example 
will suffice for illustration. By putting on gradually applied 
potential at 60 cycles, an insulator flashed around some 500 
times. An electrostatic charge was then discharged against the 
insulator, and it punctured immediately. The methods used 
by Air. Austin, watching the gradually growing brush dis¬ 
charges, makes it possible to observe the weak parts individually 
and to increase the dimensions of the porcelain accordingly, 
so as to prevent puncture. I tested some of these insulators 
recently, and a thousand charges were discharged against a 
single disk, of such a value that they would just not spark 
around. I wanted to see if there was any possibility of fatiguing 
the material, and so far as I could see, there was not. By raising 
the discharge potential slightly, it would spark around the insu¬ 
lator each application. Unfortunately, we have not been able 
to get enough static potential to spark around a string of these 
insulators in series. 


So far as the surface resistance is concerned, I believe it has 
comparatively little to do with protection from lightning—I 
am speaking of such a thing as a slight accumulation of dirt on 
the surface.. Although I have not tested out this particular 
feature, similar, tests with high frequencies show there is very 
little decrease in the equivalent-needle-gap by using high re¬ 
sistance in parallel. There is . one other point, and that is re¬ 
garding the multi-gap effect it has been commented on many 
times, and has been tested by a number of engineers. 

There is no doubt from the consideration of Dr. Steinmetz’s 
theory, on the multi-gap arrester which was developed in 1906, 
that the same conditions exist to a greater or less extent in the 
suspension type of insulator, and it is quite sure that some 
types of these insulators will spark very much easier on high 
frequency than on low frequency. In regard to this, it seems to 
me that the conditions shown in Fig. 10, would illustrate that 
it is possible, to make a design of 1 these suspension type insu¬ 
lators, an which the multi-gap effect has entirely disappeared. 
f' r * bteinmetz showed at the time he made his investigations 
that the multi-gap effect in a multi-gap arrester depended upon 
the value of the capacity between cylinders relative to the 
capacity of each cylinder to ground. If the capacity from the 
cylinder to ground was diminished, then it was possible to do 
away entirely with the multi-gap effect. The subject was further 
developed by Messrs. Rushmore and DuBois a year later, and 
ail that material is available at the present time and might be 
profitably used. In connection with the design of these'insula¬ 
tors referring to Fig 9 and Fig. 10,1 think it isevident •?hat f£ 9 
would give less multi-gap effect than the insulators in Fig. 10. 
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In closing, I should like to ask Mr. Austin if he has noted 
any fatigue in insulators, whether there is any possibility that an 
insulator under test will be damaged. It is an important thing 
to decide, in order to be able to test insulators installed on a line 
to eliminate faulty ones at times of service when their failure 
would do the least amount of harm. I know in one case of ap¬ 
parent fatigue of a 100,000 volt insulator. When it was first 
put on the line, it was entirely quiet, but after it had operated 
for several months, it became noisy and finally broke down. 

Paul M. Lincoln: I have not read this paper carefully but I 
notice that Mr, Austin has devoted considerable attention to 
the question of leakage, leakage current and leakage resistance 
paths of insulators.' It becomes important, in the design of 
insulators, to determine whether the equipotential surfaces are 
determined ^ by the question of leakage over the resistance 
paths of an insulator, or whether it is determined by the question 
of condenser capacity. For instance, these suspension insulators 
are in _ effect conductors which are separated from each other by 
some insulating material. Line potential is applied at one side 
and the ground potential. is applied at the other side. Now, 
the total potential is distributed across this whole combination, 
and the ideal insulator is the one in which the potential is equally 
distributed .across the various units and the individual sections 
of each unit. When that condition is obtained, we have the 
ideal condition. It becomes important to determine whether 
the potential of the equipotential surfaces is determined by the 
current which leaks across the resistance paths, or whether it is 
determined by the condenser capacity between the equipotential 
surfaces. 

Now, there are some facts which have been observed which to 
my mind indicate that the potential of these surfaces is de¬ 
termined almost entirely by the static capacity, and very little 
by the leakage over the resistance paths. The main fact that 
so indicates is that some insulators, and in fact many insulators, 
will have a flash-over voltage wet as nearly as high as when dry. 
What does that mean? A wet insulator undoubtedly has a 
much lower resistance over its surface and consequently a much 
higher leakage current than a dry one. Further, the distribution 
of potential due to these leakage currents must be different 
when wet than when dry, since surfaces previously dry are’now 
wet. As a consequence, one would expect to have the distribu¬ 
tion of potential and the flash over voltage different in a wet 
insulator than in a dry. The fact that there is practically no 
change in. the flash over voltage between a wet and a dry insu¬ 
lator would indicate that the equipotential surfaces are deter¬ 
mined by static capacity rather than by leakage across resistance 
paths. 

P. H. Thomas: I would like to add one item to Mr. Creigh¬ 
ton’s ^ explanation of the multigap effect, so called, illustrating 
how important it is. There was a transmission line put up, I 
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think about 1900 in Colorado, in whirl] light nine arresters wore* 
placed out doors in* boxes, the arresters brine, of the multigap 
type, and they were placed in as small boxes as possible in order 
to economise space. It was a 20,000 volt, liras The paps 

connected in the two line wires, as 1 remember it, wen* placed 
in “V” fashion -ground connection being at. the point and one line 1 
being connected to each leg. For some strange reason it seemed 
strange then the arresters would not hold the line voltage, they 
would u slop-over M , as it was called, extremely easily, much more 
so than in the laboratory or in other installations. The reason 
for this is (dear. The rapacity of cylinders connected near 
one line, on account of the proximity of t he cylinders connected 
to another line, is much greater than it would have been 
if isolated . that is the minute charging currents were greater. 
This condition makes no trouble' in the first, cylinder, because it is 
connected directly to the line, but the second cylinder and the 
others have* to receive their small charges by drawing, sparks from 
these cylinders connected to 1 hr line so that, the current in these 
gaps is greater, when you have two closely adjacent, cylinders eon 
needed to opposite lines. 'Phis condition caused a great deal of 
actual trouble. I have forgotten at t Iris t ime what t he solution of 
the difficulty in this ease was, but in HMI2, 1 repeated sortie experi¬ 
ments to prove the correctness of mv theory above stated 
which is substantially the same as outlined by Professor (weigh 
ton. In the experiment cylinders were taken and arranged in a 

V M shape upon a board. A very much larger number of 
units would be jumped by a given voltage in this arrangement 
than when the cylinders were arranged in a straight line. 1 
think the factor was. as great as 2 to 1, the difference 1 M *t ween the 
two arrangements being due to I he lesser charging current taken 
by the cylinders in the straight line arrangement than in the 
arrangement in tin* V form, 1 think this experiment war, de 
scribed in 1905 at the Asheville Convention. It is a matter of 
importance, not only in the cylinders of lightning arresters, but 
in all types of electrical apparatus. If you want to be free from 
sparking trouble, such as jumping over surfaces on bushings, 
and other such conditions, keep your high potentials a:; far apart, 
as possible. 

For instance, in an ordinary insulator where the ground po¬ 
tential we will say is carried by the pin up pretty rinse to the 
conductor, there will be a much greater tendency to jump over 
the petticoats than if the insulator wen* made ent irely of porce¬ 
lain and the ground and lira* wire widely separated. 

£, M. Hewlett: We investigated this insulator trouble, and 
we found right away that the parties who were interested wanted 
to know a great deal more about, the disk insulator than they 
had found out about tin* pin insulator, in fart, more than they 
have found out as yet. We made* practical tests. We assumed 
that if we could get porcelain of the proper dimensions and thick 
ness to withstand puncture to Hash over rather than to pmte 
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tun* that that was the safest line to follow. Since that time 
some insulators have been made larger than they should be, 
that is, they are likely to puncture before they flash over. It 
seems to me that the best design possible is to make them so that 
they (lash over rather than puncture, and also to space them 
closely enough together so they will flash over the whole set 
rather than individually, to bring the are over and around the 
disk. 

in reference to the fatigue of porcelain, a good many persons 
consider there is a fatigue in porcelain, but what is often con¬ 
sidered to be fatigue, I think is low burning. The porcelain is 
not thoroughly vitrified, and for a time it stands up satis¬ 
factorily. The dampness is absorbed and then the strength is 
decreased and the insulator will consequently puncture. It 
would seem therefore that the best general plan would be to 
make the disk small enough and of good enough material, high 
enough grade of material, and well enough vitrified, so as to re¬ 
sist. puncture. Shape them so they will stand a maximum 
weather test, and not bo reduced too much on the line test, and 
then use enough disks in series to get the desired result. I 
think with a small diameter of disk there is much less likelihood 
of puncture from the lightning as t in* path of the lightning does 
not deviate so much from a straight line in going to the ground. 

N. J, Neall: Where does the analysis of punctures per 
minute begin, and, further, is the record of a given batch of 
insulators after installation of value in this connection? I 
have seen failures on the test, table which seemed to indicate 
imperfect, material. I think there would be a point where the 
imperfect material would be dismissed and the criterion Mr. 
Austin selected would begin? 

A. O, Austin: There is probably no appreciable fatigue in 
good porcelain under normal electrical stress. The puncturing 
being due to mechanical defects or poor material. 

When an insulator punctures the effect, on operation is the 
same regardless of the cause of failure, and if matters little 
whether there is fatigue in the material; the number of failures 
for a, given stress and time, however, is of great importance. 
With an increase in the dielectric strength of insulators the per¬ 
centage of breakdowns due to stresses above those which may 
be shown on tin* lime breakage curves, diminishes rapidly and 
tin* time breakage curves become valuable in predicting failure 
when comparing different insulators. 

If a number of insulators art* subjected to stress and the rate 
of puncture becomes less with linn*, the insulators can hardly 
be said to show fatigue for the remaining insulators have im¬ 
prove* 1 in reliability. If, however, the rate of puncture increased 
with time, tie* insulators may be said to show fatigue for the 
reliability has decreased. Then for practical purposes it may be 
said that there is no fatigue unless the puncture rate increases 
with time and applied stress. These characteristics can be 



srsncxsiox ixsulators 


[June MO 


2MM4 

shown without going <»ut on tin* lino, and should form tin* basis 
for dielertrir strong Ili and reliubility. 

Thu distribution of stress bdwu'ii the several parts of an 
insulator may vary widely for different ennditions, ami it is 
possible to design an insulator sueh that the flashing potential is 
higher under storm ennditions than when dry. It was found 
that too mueh spare would be required to dismiss stress dis¬ 
tribution, an example, however, will show how the eleelrnstatie 
capacity and the surface resistance may effort the performamv 
under different conditions. 



V. ■ \n 


Fit. I 

'Pile accompanying illustration Fig. 1 represents two insulating 
elements in series, each element having an electrostatic rapacity 
C surface resistance r and flashing j ■* it initial equivalent to 
for dry conditions and E, for wet conditions. 

For dry conditions, r, and r, are very high and ihe leakage 
an rent may lie neglected the stress distribution being deter- 
milled by the uihiiImts acting as electrostatic condensers. 

For this condition a carries !) 10 of the stress and Hashes when 
the voltage applied to the series reaches 7H kv. 

When a flashes, the arc forms a shunt, reducing the stress on 
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a and increasing it on b and by increasing the stress on the 
series by a few kilovolts, the series flashes. The capacities 
may easily be made large enough so that 85 kv. will cause 
complete flashing. 

When the insulator is wet, the surface resistance may be so 
low that_ the surface leakage current will determine the stress 
distribution. If the elements have practically the same surface 
resistance the stress would be the same on each part and the 
flash-over of the series would be 100 kv. which is higher than the 
dry flashing potential. 

The electrostatic capacity, surface resistance and flash-over 
vary greatly with a change in conditions. It is difficult to pre¬ 
dict the performance of an insulator except for limiting cases,' 
which is usually sufficient as the intermediate conditions are 
less severe. 

The effect of design on depreciation was given considerable 
attention in 1904 as it was seen that where the surface current 
was large the insulators coated very rapidly. This was largely 
due to the accumulated material left by the water, upon being 
evaporated by the current. Where the evaporation is large the 
washing action of the rain is practically eliminated and the insu¬ 
lator will depreciate rapidly. 

In some designs the charging current increases very rapidly 
with a slight surface depreciation. To eliminate this, the all 
porcelain designs shown in Fig. 4, were made. Since there was 
a considerable difference in potential between the upper ancl lower 
surface of the flange it formed a condenser with a comparatively 
large charging current, the performance being considerably 
below that expected until the electrostatic capacity of the flange 
was reduced by the addition of petticoats. By making the in¬ 
sulator with discs with low electrostatic capacity the presence 
of the metal connection was not so noticeable and compared 
favorably with the best all porcelain types. 

The stress distribution under the high frequency surge may 
be quite different than that at normal frequency, even at flash- 
over of the insulator. Insulators which have a small air path 
for the forming of the arc between line and ground, will be much 
better protected than those having a long air path, although the 
insulators may have the same flashing potential at normal 
frequency. 

It is a question as to how much insulation is needed for the 
extremely severe conditions on the line. A consideration of the 
different characteristics will probably lead to an increase in'the 
dielectric strength over what it is at the present time. 
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TENTATIVE SCHEME OP ORGANIZATION AND • 
ADMINISTRATION, FOR A STATE UNIVERSITY 

BY RALPH D. MERSHON 

Some time ago the writer had occasion to look into the matter 
of the organization and conduct of universities, especially state 
universities, with a view to making some suggestions along these 
lines in connection with a state university. A search for printed 
matter bearing upon the subject seemed to indicate a scarcity 
of available information of a specific nature and most of such 
matter as was available bore upon certain phases, only, of the 
subject. It also seemed to indicate that there is considerable 
room for improvement in the present organization and ad¬ 
ministration of most, if not all, of the state universities. 

After studying such material as an ordinarily careful search re¬ 
vealed, I undertook to draw up a general scheme for the organiza¬ 
tion and conduct of a state university. . The result of my en¬ 
deavors, in its final form, is given below. It is limited to a state 
university for the reasons above outlined, since there are certain 
features in connection with a state institution of this sort which 
do not exist in endowed universities and which render difficult, 
if not impossible, some of the methods applicable to the en¬ 
dowed institution. 

The object in presenting this scheme is to provoke such dis¬ 
cussion, and consequent elucidation of the subject, as will make 
it possible to draft a thoroughly workable organization scheme 
generally applicable to state universities. Such scheme, to be 
generally applicable, must be very general in its nature, dealing 
mainly, if not entirely, with fundamental matters, since each 
particular case will involve many conditions peculiar to itself 
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necessitating detailed development of the general scheme to lit 
local conditions. 

The scheme as presented herewith was prepared after dis¬ 
cussing the subject with several persons who have had to do 
with the organization and conduct of Large public utility and 
industrial enterprises, but before any discussion hud been had 
with anyone connected with university work. Since 1 it was 
drawn up it has been submitted to university workers. Some 
of their criticisms of it strike me as well grounded (especially 
such as apply to portions of the scheme which for the sake of 
discussion I purposely made rather drastic), some as open to 
question, and some as of little weight. In spite of the fact that; 
some of the criticisms appear to me fully pertinent I have con¬ 
cluded to present the scheme as originally drawn up that the 
objections to it. may be brought out in open discussion. 

♦ ♦ ♦ ♦ 4» $ '¥ $ '¥ ♦ # 

Sc’HKMK OK < )i«,AM/ATloN 

The proposed scheme is shown in the 1 liagram of ()rganization 
and Administration appended hereto. It will be more readily 
comprehended in connection with the following explanatory 
matter, which, however, tines not attempt In go into minute 
detail, but merely to out line the more salient and import ant, 
features. 

President. The President is to be the executive head of the 
university, and is to have tin* necessary authority to that end. 
He is to be the represen la live and general executive of the board 
of trustees, in all university affairs, except as otherwise directed 
by the board, and it shall be his duty to enforce all the rules and 
regulations of the board and of the faculty. 

He shall have the right of veto of any action taken by the 
university faculty and of any action, except such as has to do with 
the budget, of the university council. Hut in case of t he exercise 
of such veto power the faculty or council, as tin* ease may be, 
may pass the mat ter involved over the president’s veto by a two- 
thirds vote of the full membership of the body in question. 
In case the matter is passed over the President's veto, lie may, 
whether it be a matter which would regularly come before the 
board of trustees and the alumni advisory board for their 
approval, or not, submit the matter to the hoard of trustees and 
the alumni advisory board, together with a statement of the 
situation and his recommendations against the action of the 
council or faculty. 
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The president’s other duties and powers will appear more fully 
from what follows. 

Secretary. The duties of the secretary shall be those usually 
pertaining to such an office, and more particularly as laid down 
in the 11 rules and regulations of the board of trustees He 
shall be the financial officer of the university, shall be bursar 
of the university and shall through the purchasing agent make 
all purchases for the university. 

Treasurer . The duties of the treasurer shall be those usually 



Diagram of organization 

Solid lines indicate relations more or less directly subordinate; dotted lines indicate 
relations co-ordinate, or merely advisory, or both. Only the more important relations 
are shown. 


pertaining to such office, and more particularly as laid down 
in the “ rules and regulations of the board of trustees ”. 

University Faculty . The university faculty shall be the legis¬ 
lative body of the university in all matters relating to the con¬ 
duct and control of the student body. The university faculty 
shall be made up of the deans of the various colleges, preceptors 
of the various schools, preceptors of the various departments of 
instruction and all instructors of the university holding the rank 
of professor or associate professor. 

The president of the university shall be, ex officio , chairman 
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of the university faculty, and as sueh shall have no vote except, 
in ease of tie. 

University t'oiuniL The university council shall he made up 
of the deans of the various collcy.es of the university. 

In consultation with, and through the president, it shall he the 
executive body of the university. 

In consultation with the president, it shall be the coordinating 
body of the university. 

The president shall he, ex otjieio , the chairman of the uni¬ 
versity council, and as sueh shall have no vote except in case of a 

tie. 

Alumni Advisory Hoard. The Alumni advisory hoard shall 
consist of twenty alumni elected hv the membership at la rye of 
t he university alumni association. Pour members of the 
1 >oard shall be elected each year. s<> t hat after I lie U»ard shall have 
been established live years the term of office of each member 
shall be live years. 

In order to be eligible to the alumni advisory board, an in¬ 
dividual must be an alumnus of at. least ten wars' staudiny, who 
has done at least four years' work at t lie universal v in t he acquisi¬ 
tion of a deyree from the university, and who is a member of the 
universi ty alumni as:;ocia t ion. 

The function of tin* alumni advisory board shall be to advise 
and, by its influence, aid the president, tlu* board of trustees, 
the university council, and the university faculty, in any and all 
mat ters pertaininy to the welfare of t henniver ;ii v. 

No appointment to any position in connection with the 
university shall he made without tin* approval of the alumni 
advisory board. 

The alumni advisory board shall Irom time to time, ihrouyh 
visitiny committees appointed by it, investiyaie the various 
departments of tin* university for the purpose of determininy 
their efficiency, and for aidiny ihem, cither by suyyesfion or ad¬ 
vice, or bv nsiny its inlluenre in the matter of fmaneial or oilier 
aid. 

These visitiny committees may or may not be limited in their 
membership to the members of the alumni advisor)' board, 
That is, tlu* alumni advisory board may avail itself of the as¬ 
sistance of specialists in reyard to any matters, with which none 
of the members of the hoard are particularly conversant,. 

Visitiny committees shall report directly to the alumni ad¬ 
visory board. The reports shall be disposed of in accordance 
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wis h thr judgment. of 1 he* alumni advisory board, whether llu*y 
1 m* made public, transmitted. to the 1 nxtrd of trustees, trans¬ 
mitted In the president nr retained by the board without present ac¬ 
tion or art ion. Provided, however, that if any report be trans¬ 
mitted l.o the board of trustees there shall be transmitted, at the 
same time, a enpy of the report to the president. And provided, 
that if a report be made public*, oik* week prior to its being so 
made public then* shall be transmit ted a c*opy to the board ot 
trustees and to the president. 

No member of the alumni advisory board shall at the same* 
time be a member of the board of trustees, or be in any other 
way ronneeted with the executive, financial or leaching stall 
of t lie university; or hold any oiViee in the alumni assoeiat ion. 

Any va.eaney occurring in tin* advisory board by death, resig¬ 
nation, or otherwise, shall In* filled by flu* board until the* next 
regular election of the alumni association; at. whiedi meeting, 
in addition in the members to be regularly fleeted, there shal, 

]h* elected a member to till the remainder of the unexpired tennl 
(See note in reyard to alumni advisory board). 

/)mns. Hie deans of the various colleges shall be appointed 
by the president, with the approval of the alumni advisory 
board* under ennlirmation by the board of trustee's, and pre¬ 
sumably with the adviee of the faculties of the respective col¬ 
leges, 

Kaeh dean shall be responsible to tlu* university couiu’il and 
the president for the conduct of his college. 

A dean shall hold office so long as the administration of Ins 
college is such a . is |»r«iduetive of satisfael«>rv results, 

A damn may do as muni? or as little teaching as he considers 
expedient., Such tea eh iiiy, as lie does shall be confined to his own 
e« Tege, 

The dean .Tall, at the proper time, make up a, budget for his 
enlleye for presentation to tlu* universit y eouneil, after t he man 
ner hereinafter deseribrd under “ budget ", In making up the 
eolleye budyel, the dean shall consult with the preeepturs of the 
various chouls of his college and the preceptors ol the various, 
depart meats of his eolleye, endeavoring, to arrive* at a budget 
wbieh Tall represent the consensus of opinion of the various 
preceptor ; and him c|f . 

Where it h not posable !o arrive at a unanimous agreement of 
llte precept or.-, together with the dean, relative* to tlu* budget, 
the deuit Tall submit the budget he recommends, together 
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with any exceptions to it which any u! tin* pn•*vptors of his 
college may desire to make as individuals nr as a group. Such 
exception may take the form of the recommendation of an en¬ 
tirely different budget,. 

College Families. The college faculties shall be made up o! 
all the instructing force* of the college above the grade* ol in¬ 
structor. In case of an individual giving instruction in more 
than one college', he shall he considered as a member of tin* 
faculty of that college* to whose work the greater portion o| his 
time is devoted. If, however, it seems advisable that he should 
be a member of other college faculties as well, he may, it be so 
elects, serve upon such oilier college faculties il elected to them 
by the respective faculties in question. 

The college faculty shall have charge ot all minor legislation 
relative to its own college not covered by the legislation ot the 
university faculty. It shall, through its. committees, coordinate 
the work of its various schools. 

Schools and Departments of lnstrut linn. The work of each 
college shall be grouped into one or more school g at. the head ol 
each of which shall be a preceptor, and into one or more dr 
partments, at tin* head of each of which shall he a preceptor. It 
may follow in some cases that the preceptor of a school will also 
be preceptor of a department. 

Superintendent of Property. The superintendent of property 
shall report directly to the president. He hall be responsible 
for the buildings, the grounds and the power and heating plants, 
through the. superintendents of these various department , 

Student Advisory Hoard . The student advisory board Tali 
be made up of two seniors, two juniors ami one ;ophotnn)v, to 
be elected each year by their respective elu ; ;es. This hoard may * 
of its own initiatives bring matters directly to the a Hen! ton ot 
the president. It- may, on request of the president, advise with 
the university council, the university faculty or the alumni 
advisory board, ft may not, of its own initiative, bring matter;, 
to the attention of any of these bodies, 

Budget. The president shall, near the end of each year, pre¬ 
pare ami present to the board of trustees a budget based upon 
the estimated income of the university for the next war. This 
budget, shall be made up as follows; 

The dean of each college shall prepare a budget, la, eon 
saltation with the preceptors of his college, as provided under 
the head of M dean *k The university council, consisting ot the 
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t leans, shall than nun * t and in conjunction with the president 
correlate, coordinate anti, adjust, the budgets of the various deans 
to accord with the estimated income of the university, and with 
the university requirements other than those of an instructional 
nat urc. 

In case a unanimous agreement is arrived at, the result of the 
budget shall he transmitted to the board of trustees by the 
president as the budget o! the university council and himself. 

ll a unanimous agreement is not arrived at, the president shall 
transmit to the hoard oi trustees, for action by the board, a ma¬ 
jority report, a minority report and his own reconvmendation, 
which may or may not agree with < d 11 u‘r the majority or minority, 
together with all the necessary papers, both those having to do 
snort* particularly with the deliberations of the university council 
and those having to do with the deliberations of the various 
e«>l!ege faculties. 

. I nu*ndmeats, Amendments to the scheme of organization 
and administration will preferably be instituted by the uni¬ 
versity faculty, with the approval of the alumni advisory board, 
and will be subject to continuation by the board of trustees; but, 
however the amendments be instituted, they shall not become 
effective unless approved by the alumni advisory board. 

Noil' in Rioard tn Air mm Advisory Board 

It is contemplated that tlu* alumni advisory board shall have 
sift direct connection with the alumni association and shall per¬ 
form no inaction in connection with the association. 

The alumni advisory board will be clothed with a considerable 
amount of power which should be wisely and carefully exercised 
as the re:,ult of the deliberations of, as nearly as possible, the 
full hoard. Bor this reason, the membership of the board will 
preferable be drawn from those of the older alumni as have had 
wide experience, and who, previous to their election, shall have 
mated their ability and willingness to faithfully attend the 
mootmgs of the board. 

Failure of tin* board to act promptly might seriously hamper 
l ho conduct of the university. In order to insun* prompt and 
regular attendance at the meetings of the board, it, will be ad- 
vRuble to penalize tardiness or absence. Provision might, be 
made that il a membor is either tardy or absent from a meeting 
twice during hi , tens of office, without being excusable, he shall 
automatieullv cease to be a member of the board; with the 
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further provision that b> In* excused from attendance or prompt 
attendance, a in t‘t til k* r must haw obtained leave Irotn i 1 no hoard 
meeting; immediately preecdhu’ tin* our in purs! ion; i! the tie- 
ecssitv for brine, excused ('anno! hr foreseen in limr lo ohlain 
studi leave, tin* member inusl haw been granted Iravr by t.lu* 
president of the university, which Iravr shall he valid only if 
confirmed by I he meeting to which it applies. 

t. f|: :f: * * * * $ * $ 1- * 

As previously intimated (lie above sehrmr is presented, not as 
one which even approaches perfect inn, hut as the basis for dis¬ 
cussion whit*li it is Imped will lead to a scheme as nearly as pos¬ 
sible perfect, it, is very desirable that the discussion include 
the views of those in responsible charge of la rue industrial estab¬ 
lishments as well as those connectcd with university work. The 
altitude of many of the latter, in the past, seems to have been 
that the problem is one so different, from all other administrative 
problems that it occupied a class entirely by if sell. And that 
no parallels could be drawn and no lex sous of value 
learned from industrial oryanma! ion. While the under¬ 
lying basis for such an attitude is undoubtedly sound when 
properly applied, it does not , it seems to me, apply to the problem 
in its entirely. While there is a wide difference at some points 
of the respective processes, between tin? problem of iuruinyuut 
shoes, for iustauee, and that of turnin'’ out mentally trained men, 
there an* other parts of the processes, or their administration at 
least, which seem to me* closely parallel, if not identical, and, 
therefore* subject to similar treatment.. 
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I)iS<ThMMS (IN “ I ENTAT1VK St ’II KM K OF ORGANIZATION AND 
A DM I N 1ST R A I ION oF A STATK UNIVERSITY.” ClIICAGO, 

J r \ i: 50, 101 1, 

A* H* Forth 1 hr f ns! it nit* is to ho congratulated upon having 
;i Jwper oi this kin*] presented to it lor consideration. Among 
tin* papeis dealing with educational subjects, presented in the 
pa:>l, have boon those by praet icing engineers indicating the kind, 
oi t raining which t.In* voting engineers whom they employ should, 
have and I hose by educators saying that it was impossible to give 
such a training. Now there is presented to us a problem of 
organization on which it seems as though the engineers and edu¬ 
cators might agree, as the problem of organization is essentially 
the same no matter whether the product is electrical energy, 
dynamos or trained men. 

As the scheme ot organization presented by Mr. Mershon does 
not differ materially from various schemes now in operation the 
speaker will point out «sue ol the defects of the present systems. 

First; The fixing, of authority is indefinite, particularly as to 
distinctions between management and administration; with the 
result that frequently the board oi trustees decides on matters of 
admim tration concerning which if lias insufficient knowledge 
to act intelligently, The natural result is that the administra¬ 
tive officer.:* are unable to maintain a definite policy and conse¬ 
quently find it ditto till to obtain proper cooperation of those 
under them. 

Second; The making of t he secretary, or other financial officer, 
responsible to the hoard oj trustees instead of to the president 
gives rise to a two headed organizat ion winch frequently results 
in the control of the educational policy of the institution by the 
secretary* through hi- control of the budget. This is because 
the board of trustees naturally looks to the secretary rather than 
the president for advice regarding financial matters and decisions 
regarding the amount to be paid for equipment, and professors’ 
salaries have a material affect on the educational policy of an 
institution. 

Third; The ;u tivilie ; of the students outside of the class room 
ordinarih receive little attention, with the result that many 
student:, when freed from restraint in this way acquire habits 
which make f he ordinarv r* ml ine of business irksome. This is no 
doubt the « ;sr c of the frequcntlv repeated remark that a college 
graduate is of not much use in the business world until he has 
been a wav frtim college for two years. 

There arc two prow ions in Mr, Mershon\s paper which stand 
out prominently, The alumni advisory board and the method 
of fixing a budget to be presented to the board of trustees. 

An alumm advmorv board of the kind contemplated should 
prove VI r\ useful ; but it diould not have the duty of confirming 
appointments to the teaching staff for such appointments fre¬ 
quently require confirmation with great despatch and cannot wait 
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for the assembly, on call or at a regular meeting, of such a large 
body as the alumni advisory board. 

The method of fixing a, budget to be acted on by tla* board of 
trustees is admirable and should do much to overcome the bad 
effect of having the secretary report directly to the board of 
trustees. 

The following plan of organizat ion, shown in Fig. I, is sug¬ 
gested as a means for overcoming the defects noted. The 
duties ot the various officers are given only where they* differ 
from those in the plan proposed by Mr. MeVslmn. 

Board oj Trustees . The board of trustees is the direct repre- 
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sental.ivc of tint people and an such should dictate the general 
policy of the university and represent the university before the 
legislature. Being nearer the people than the members of the 
I acuity the members of the board of trustees may see fields which 
could be profitably covered and whiidi have escaped the observa- 
l.ion of the faculty. It should not burden itself with details of 
administration but. should routine its activities to such large 
mallets, as determininjj the general policy of the university, 
appointing the president, confirming the appointment of deans 
and other officers of equal grade, passing on the budget and 
approving plans for new buildings. 

President,. In addition to the [lowers and duties named the 
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president shall, on the advice of the university council and 
subject to the confirmation of the board of trustees, appoint the 
deans, secretary and treasurer. 

University Council. The university council shall consist of 
the deans, the secretary and the treasurer. The secretary shall 
be secretary of the council. The secretary and the treasurer are 
added to the council in order to have their advice in matters 
which involve the expenditure of money or which require a 
knowledge of the past actions of the council or any of the faculties 

Secretary. The secretary shall have charge of all records of 
the university except those relating to finances and shall be 
secretary of the university council and of all faculties. He shall 
appoint all his subordinates subject to the confirmation of the 
president. 

Treasurer. The treasurer shall have charge of all moneys 
and credits and shall keep a record of all financial transactions. 
He shall be the bursar of the university. 

Deans of Colleges . In addition to those duties mentioned, 
the dean of each college shall appoint, subject to the confirmation 
of the president, all officers of instruction in the college. 

Dean of Preceptors. The dean of preceptors shall be re¬ 
sponsible to the university council and the president for the 
conduct of the students when outside of the class room. He shall 
have supervision of all student organizations and shall see that 
the accounts of such organizations are audited by the auditor 
of the university. The departments of military diill and 
athletics shall be under the dean of preceptors. 

College of . Each college shall be organized 

into departments each of which shall be in charge of a professor 
who shall also be director of research in that department. 
Under him shall be such associate professors, assistant professors 
and instructors as may be necessary for the proper conduct of the 
department. 

Preceptors. A preceptor is a person of the rank of professor 
or assistant professor who has charge of the students at such 
time as they may be outside of the class room. He shall act as 
their confidential adviser and shall give them such advice as to 
methods of study and conduct as may be desirable. There 
shall be at least one preceptor for each 50 students lodged in the 
university dormitory. He shall be head of the house and as 
such shall see to the proper enforcement of the dormitory rules. 
The different use of the term preceptor from that of Mr. Mershon 
is to be noted. It is not intended to limit the activities of the 
preceptors to such as are concerned with those students who live 
in the dormitories; but each student in the university, is to 
have a preceptor who shall be in loco parentis for that student, 
the number of students assigned to a preceptor being small 
enough so that he may become personally acquainted with each. 

Medical Adviser. The medical adviser to students shall have 
the rank of professor and shall be under the dean of preceptors. 
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His duties slinll in* tin* giving of medical advice fo student!*, hut 
shall not include treatment when ill. I It shall also advise the 
dean of preceptors in regard to matters nihvting the health of 
the student body. 

Registrar. The registrar shall keep a record of the academic 
work of all students and perform such oilier duties as. may be 
assigned him by the secretary. 

Librarian. The librarian shall perform such duties as. usually 
appertain to that office and in addition shall be superintendent 
°t university publications other than ami*mneeuieut and those 
of like nature. 

Superintendent of Property. Tin* superintendent, of property 
shall have charge of all property of the university except moneys 
and credits and the erection of all buildings. He shall report 
directly to the secretary. 

Pure ha sing Agent. All purchases made for the university 
shall be made through the office of the purchasing agent, He 
shall report directly to tin* secret an.. 

University Faculty . The university faculty shall consist of 
Hie members of the university council and all persons on the 
university staff having the rank of professor or associate pro- 
lessor. Assistant, professors shall have seats in the university 
faculty but shall not have the rigid to vote. 

The university far if tv shall be the legislative bodv of the 
university in ail matters relating; to the student body, entrance 
requirements, graduation requirements and such other require 
merits as affect more than one college, 

(allege Fatuities , Ha eh college faculty shall ton it of all 
t he members o! the college stall above the rank ut instruct or, 

1 he instructors shall have seats in the faeultv but shall not have 
the light to vote. 1 he college !a* tdt v shall be t he legislat ive 
body’ of the college in all matter:; of a pedagogic nature and 
shall be the final authority in living the courses of study. 

Auditor. The auditor shall be the direct representative of 
the board ol trustees and as such shall audit the account:; of the 
treasurer and act in an advisory capacity to that officer. He 
shall also audit the accounts ol all sttalent organizations. 

C* F. Harding: Fora number of years we have had before the 
Institute and other conventions considerable discussion of the 
technical university ami its produel by leelmieal men in 
manulaet urinj.; institutions and in the eiiyineerinj; field in general. 
It. seems to me that, this is a very healthy condition ol* affairs. 
It. would lie loo bad, if the mamifaelure of an article should be 
entirely neglected by the eonsunter of that article, and it is 
equally serious if Uie output of the teelmieal universitv is on 
Urely neglected during the university period bv those in eharj-e 
ol the corporations to whom t.he university jp-adualo is y.niut;. 

a.m pal tieularly pleased, tluTeloj'e, |,o eeiiyralulate ( lie In 
stvtute, upon the papers which it has had in past years and upon 
f ile very general diseussion, which 1ms been entered into by those 
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in charge of university dopin'! men Is and by the engineering pro¬ 
fession generally. 

The paper which we ha ve this year 1 regard as confined largely 
to the organization and administration of the university, and 
not to those points which, it seems to me, are most vital in the 
development of the technical graduate, namely, the curriculum 
and the administration of that curriculum in class room and 
laboratory. I wish, therefore, the discussion could be broadened 
out; and riot limited to the rattier narrow question of university 
organization and administration. If this plan were put in vogue 
and standardized in the various universities we would not be 
benefitting, in my opinion, the output of these universities. 
Wo would be expediting the* business of the university, and 
possibly indirectly, fhrotig.li the alumni advisory board, im¬ 
proving the output to some extent, but it seems to me that the 
discussion and the resulting changes in the curriculum, and in 
the administrat ion of that curriculum in class room and labora¬ 
tory, would yield very much greater results. Limited, as we are, 
however, to the organization and administration of the uni¬ 
versity, there are one or two things I wish to say along the lines 
of this paper. 

The university organization eon Id. be, in my opinion, quite 
similar to the organization of an industrial corporation. I see 
no mason why it, should lie materially different from such an 
organization. I do not see, however, how such an organization 
can be standardized for a. number of universities, particularly 
state universities, where local and legislative conditions are 
bound to limit such standardization. Nevertheless, if we 
cannot have a standardized organization, as this paper infers 
we may have, I think we ran gain from this paper a great num¬ 
ber of valuable suggestions which can be picked out and applied 
to the organizations of the various universities. 

The most radical departure from the present organization, of 
most universities as 1ms been stated, is probably the formation 
of the alumni advisory board, and it seems to me that this is 
directlv along the line of e<operation between the university 
and engineers and mnrmfaeturers in the field, which, as I stated 
at t he beginning of my remarks, is of so much value. If the 
alumni ten years out of the university, who have been through 
that university, know its problems, who have been through ten 
years of practical and professional experience, can be brought 
into vital touch with the organization of the university, it seems 
to me that this cooperation which 1 have* spoken of so favorably, 
would be greatly enhanced, to the ultimate benefit of the gradu¬ 
ate of that university not; only, but to the prestige of that uni¬ 
versity as well. 

The formation of such an alumni advisory board as has been 
suggested in this paper, while beneficial, as has been stated, 
would, if carried out in detail as suggested here, greatly cripple, 
to my mind, the business of the university. I believe that such 
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an advisory board, if organized at all, should be a fairly repre¬ 
sentative one, should include engineers from all branches of the 
profession, and from all parts of the country, and, therefore, 
with a board of twenty of such men, it would be extremely diffi¬ 
cult to get them together at a single meeting sufficiently often 
to enable them to carry out the duties which have been imposed 
upon them by an organization such as we have in this paper. 
To reduce these difficulties, without introducing any serious 
disadvantages, it would be possible to reduce the number of 
such an alumni advisory board by a large majority, from twenty 
to four or five, and to limit its jurisdiction to the purely advisory 
duties as suggested here, with the exception that they should 
advise, not with regard to the appointment of all the members 
of the instructional board of the university, but the heads of 
departments, heads of schools, and deans. Now if the alumni 
have an active part in suggesting the heads of departments and 
deans, and if the election or appointment of the subordinate 
instructors is left to the heads of departments and deans, the 
up-to-dateness of the faculty, if I may use that word, will be 
maintained. I assume it is largely that quality which the author 
of the paper wishes to maintain in the faculty—the prevention of 
the faculty from getting into a rut, as is often the case, and be¬ 
coming out of touch w T ith practice, and therefore becoming a 
detriment to the output of the university. If this alumni ad¬ 
visory board can be limited in this way, it seems to me it would 
be a great improvement, not only over the present condition, 
but over that set forth in the organization mentioned in this 
paper. 

I regret that there are comparatively few of the engineers 
in the field hefe today, as I had hoped we would have an active 
discussion from these men. I believe they are the men with 
whom we should cooperate in turning out the best and most 
efficient product from our technical universities. 

B. B. Brackett: I believe thoroughly that the administration 
and management of our universities can be improved, and I 
believe that they can be improved by the advice of those who 
are outside. I have no patience with those who maintain that 
the university is a world by itself, and is subject to its own laws 
and its own rules, methods of management and government. 

We are to be congratulated in having this subject brought up. 
But I do not like the author’s suggestion of an alumni advisory 
board that might be a controlling factor. As I understand it, 
his alumni board must approve all appointments, and in that 
way it would possess real veto powers. To my mind there are 
serious dangers in such a plan. It is possible that it might lead 
to results quite the opposite of those suggested by the last speaker. 
You cannot have an alumni board, unless that alumni board is 
elected by the alumni. Are the representatives of the alumni 
likely to be any more expert in educational or technical lines 
than the average member of the alumni association? Is the 
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average alumnus of our colleges and universities an educational 
expert? Is the average one well enough informed to take part 
in the management of a university, to the extent of saying who 
should be on the faculty or who should not? 

In comparatively recent years, two of our well known uni¬ 
versities have had radical upheavals in management and internal 
organization. In both cases investigation will show that the 
alumni were with the old order of things and not with the 
progressive element. There is a possibility of an institution 
being away behind the times, in the ability of its faculty, its 
general organization, and the character of its work. And" it is 
possible for the mass of the alumni to think that this institution 
is one of the best in the world. In fact, it is quite natural for 
them to think so, and to stand as strongly as they can for the old 
order of- affairs. 

An alumni board with such influence in the appointment of 
faculty members might foster excessive inbreeding in the per¬ 
sonnel of the -faculty. In fact there are many possibilities of 
obstruction to real progress in an alumni board with powers 
so unusual as those proposed by Mr. Mershon. 

The dangers would be especially great in the case of those 
institutions that have not yet reached true collegiate standing. 

A. S. Langsdorf: This paper brings to mind that the study of 
organization and administration in university work was taken 
up some time ago by the Carnegie Foundation for the Advance¬ 
ment of Teaching. The investigation, which was made by a 
mechanical engineer, had for its particular purpose the study 
of methods in teaching physics. Attention was confined to one 
subject because of the obvious impossibility of considering the 
entire field in the time allowed for the work. The results have 
been published by the Foundation and are available to all who 
are interested. The report met a rather cool reception and even 
ridicule, especially from college men, because of certain unique 
suggestions which imposed factory methods upon the methods 
of training students. 

Mr. Mershon’s paper seems to be actuated by the same general 
motive which prompted the Carnegie Foundation in its under¬ 
taking, namely, the conservation of energy in administering 
purely routine affairs of university work. It would seem that 
many of the plans outlined by the author should be self-evident 
to executive officers of reasonable efficiency, always supposing 
that political conditions (in the case of a state institution) are 
what they should be. But the question that is likely to present 
itself to those in the educational field, after reading the paper, 
is: .Where is the Faculty? Its functions, which should be of the 
greatest importance in a democratic institution like a university, 
are apparently submerged and made subordinate to those of 
unduly exalted executives. 

I believe with one of the previous speakers that the powers of 
the alumni council as proposed in the paper are too great. 
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Alumni in general are not well acquainted with college affairs, 
especially after an asbence of ten years or more, and there has 
been a tendency on their part, particularly in the case of state 
institutions, to meddle in certain features which were better 
removed from their influence. I refer to their rather pernicious 
activity in athletics, in which they have frequently exercised a 
decidedly corrupting influence. But granting that an alumni 
council of the best type could be secured, its presence would seem 
to violate a fundamental precept in efficient management by a 
further division of responsibility instead of a concentration. 
Instances could be mentioned—such as student “ strikes ”— 
in which the interposition of an alumni body between students 
and faculty would have been a real calamity. 

George D. Shepardson: I have tried to orientate this paper 
with reference to the work of the American Institute of Electrical 
Engineers, and I confess difficulty in orientating my own ideas 
with reference to this paper. In attempting to find the relation 
of the electrical department to the proposed organization, I 
confess embarrassment. On the other hand, it seems to me that 
the paper might have begun further back. Considering the 
problems which a state educational institution has to face, we 
find that almost without exception the public resources of the 
state are scattered. In almost every state instead of there 
being one State University, which should be at the head of the 
educational system of the State, there are several institutions. 
Even though the state university is nominally at the head of the 
state public educational institution, in every state certain parts 
of the system are outside. Minnesota, for example, has been 
pointed to as a state in which the entire educational system has 
been built up symmetrically by having the high schools point 
up towards the State University, and at first sight it looks like 
an ideal situation. There are, however, a number of normal 
schools whose purpose primarily is to train teachers, and which 
have no thoroughly specified connection with the university, 
but which every now and then agitate the question of extending 
their work and granting degrees. There are certain other 
branches of education which are under state auspices, and yet 
which do not quite fit in with the ordinary scheme, such as 
institutions for the blind, or for the deaf, or for the feeble-minded, 
institutions which too frequently are classed along with the 
penal institutions. In almost every state we find several 
governing boards which have to do with educational institutions 
and when it comes to the legislative sessions, whence come the 
appropriations, there are a number of different boards generally 
in sharp competition with one another, or else in some unholy 
alliance which is not of the best order. 

One of the fundamental features which should be included 
in any general scheme of reorganization, is some provision for 
harmonizing all public educational institutions in the State. 
In the State of Ohio, for example, I believe there are four, 
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certainly three, different institutions for higher education that 
enjoy the receipt of money from the State Treasury, and in 
almost any other state that situation exists to some extent. 
It seems to me the greatest need of our state universities is 
that the entire educational system of the state should be unified. 
This is much more important than that the university organiza¬ 
tion itself be overhauled. Another difficulty with the proposed 
organization is that in most of the states the universities are 
chartered, which is particularly true of the older institutions, 
ft is a matter of very great difficulty to change that form of 
organization. As an illustration, in Minnesota there has been 
no acknowledged arrangement by which the alumni should 
have representation upon the Board of Regents, corresponding 
to the Trustees, although such representation seems to be very 
desirable. Only after several years of agitation was there success 
in getting one or two alumni members upon the Board of Regents, 
and that is done, not by right, but by courtesy. The matter 
was brought up at the psychological moment, before a properly 
disposed Governor, and he agreed to appoint two alumni upon 
the Board of Regents when a vacancy occurred. Since that 
time the succeeding Governors have been prevailed upon to 
appoint alumni as successors of alumni whose terms expire, 
and so we have an alumni representation upon the Board which 
has proven to be very satisfactory. 

As to the official relations between the alumni and the uni¬ 
versity, it is difficult to make rigid statements which will apply 
everywhere. It seems to me the attitude that has been gen¬ 
erally expressed here this afternoon is the correct one*; that, 
generally speaking, the alumni organization should only have 
advisory power, and not have veto or appointive power. If the 
alumni are assured, of representation upon the general governing 
Board^ of Trustees or Regents, then we may be sure that the 
alumni will be well represented in matters which they desire to 
firing to the notice of the Board of Trustees or the Board of 
Regents, and that these matters will be given proper attention. 

M. C. Beebe : I am sure that all of the members of university 
faculties appreciate suggestions made by engineers in the field 
in fact, we make every effort to get them to cooperate to as great 
an extent as is possible. 

I cannot see any reason why a. university, cannot be organized 
on the same sound principles which obtain in our best corpora¬ 
tions. I think there is a chance for decided improvement, es¬ 
pecially on the business side. The difficulties in the past have 
perhaps been due to the very rapid growth of the state universe 
ties, so that the development of the organization has tended to 
lag behind that of the growth of the institution itself but is not 
the same true of many business organizations? 

I think we have got to go slow in applying the same standards 
of efficiency to the educational side that are applied to the purely 
manufacturing plant. The matter of economy should lu* judged 
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in a somewhat different way. True economy in education does 
not mean a low cost per student for there is no such competition 
to be met. Employers are not looking to our universities for 
cheaply educated men. 

The only economy worth while and it is very well worth while 
is to turn out the best possible product with the money available 
for the purpose. This means among other things a careful selec¬ 
tion and retention of good instructors and equipment. 

Mr. Ford objected to the two-headed scheme, as he called it. 
It may be interesting to know that at the University of Wisconsin 
the two-headed arrangement is being tried out. We have the 
president of the university, and besides we have a newly ap¬ 
pointed business manager, whose duty it is to look after all the 
purely business matters. He has under him the purchasing 
department, the Secretary of the Board of Regents, and Bursar 
and has control of the buildings and grounds. 

The argument for this arrangement is that the institution is so 
large that it is impossible for one man to do justice to both 
interests, the pedagogical and business, and the work may better 
be divided. The situation is analagous to the case of a large 
corporation, where the various vice-presidents are given charge 
of separate divisions of the organization. Although this de¬ 
parture is somewhat new, it seems to be working very success¬ 
fully. 

W. L. Upson: There are many points in this paper which in¬ 
vite criticism. Some of these are already embodied in university 
organization and might be discussed from the standpoint of ex¬ 
perience. In this respect may be mentioned what the author 
calls, “ Schools and Departments of Instruction.” This is 
proposed as a means of dividing the various college faculties into 
smaller and more workable bodies, and might be justifiable in 
an institution of 10,000 students. At present, however, 
these divisions are apt to be so totally devoid of power as to 
render them unnecessary and useless complications in the gen¬ 
eral scheme. In the college faculties, at present, important 
action is usually taken with departmental agreement and as de¬ 
partments are limited in number, the faculties are not as un- 
wieldlv as their actual membership might suggest. The author 
recognizes the value of alumni cooperation, and this can hardly 
be overestimated. Alumni representation on Trustee Boards 
has generally been productive of much good. His method of 
attacking the problem is novel, but will probably find few sup¬ 
porters. It appears like putting a horse-whip in the hands of an 
incompetent, but self-confident boy, who proceeds to make gen¬ 
eral havoc in stirring things up. It is doubtful if most state 
universities could command the services of 20 alumni w T ho 
were capable of exercising such functions as are prescribed. 
Again, incompetency is not a general characteristic of university 
faculties. On the contrary, failure to obtain better results is 
rather due to insufficient means—too few and too poorly paid 
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instructors—and to lack of cooperation between faculty and 
trustees. These two bodies should be brought more closely 
together, not separated by another all-powerful body of doubtful 
competency. The interest of alumni should be secured by direct 
representation on the board of trustees. 

A third criticism relates to the student advisor}?' board. As 
proposed, this board is too small to be properly representative of 
the student body. It should, however, be recognized as a very 
important part of the university organization and be given as 
full and unlimited power over student activities as individual 
conditions would warrant. 

Ralph D. Mershon (by letter): I regret exceedingly the cir¬ 
cumstances which rendered it impossible for me to present this 
paper in person and take part in the oral discussion of it. 

It is a matter of regret that no one outside the educational 
field took part in the discussion. The opinions of men who 
have had. experience in large industrial organizations are most 
desirable in matters of this kind. 

Mr. Ford’s contribution is more definite and constructive than 
any of the rest of the discussion, and gives evidence of careful 
thought. There are some matters however on which I do not 
entirely agree with him. 

He says that in my scheme “ The fixing of authority is in¬ 
definite, particularly as to contentions between management and 
administration, with the result that frequently the Board of 
Trustees decides on matters of administration concerning which 
it has insufficient knowledge to act intelligently. The natural 
result is that, the administrative officers are unable to maintain 
a definite policy, and consequently find it difficult to obtain the 
proper cooperation of those under them.” 

The fixing of authority should not be indefinite. My en¬ 
deavor. in drawing up the scheme was to definitely fix the 
authority; to give the President all the power requisite to make 
him fully responsible for the success of his administration, and 
yet not leave him so free from possible restraint as to invite the 
condition of czarism that has developed, and led to trouble, 
in some instances. For this reason, on further thought, I 
agree with Mr. Ford that the Secretary should not report di¬ 
rectly to the Board of Trustees. For this reason, also, I prefer 
to make the Secretary, Registrar and Superintendent of. Prop¬ 
erty report to the President directly, instead indirectly as Mr. 
Ford does. But there is no good reason that I can see why the 
Treasurer should report to the President. I would say, also, 
that if a “ Board of Trustees decides on matters of administra¬ 
tion concerning which it has insufficient knowledge to act in¬ 
telligently,” then, in my opinion, it is not a good Board of 
Trustees. A Board that properly does its work will call for 
such information as is necessary to enable it to act intelligently, 
and will see to it, in case of conflicting opinions, that informa¬ 
tion is had from authoritative sources on both sides, of the 
question. 
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Mr. Ford, and others of those taking part in the discussion ? 
think that there would be difficulty in having the Alumni 
Board advise the Board of Trustees and confirm appointment s to 
the teaching staff. At Harvard, the Alumni Advisory Board, 
designated as the “ Board of Overseers ”, has, for many years 
done this very thing, and Dr. Iiliot, in the Harris lectures on 
University Administration, sets forth this as one of the valuable 
and desirable functions of the Board. If such a scheme has 
worked successfully at Harvard, I see no reason why it should 
not in other universities. 

My scheme contemplates an Alumni Advisory Board with the 
I>owers now had by the Harvard Board of Overseers. 1 recog¬ 
nize the fact that in instituting such an Alumni Advisory Board, 
in connection with a Stale University, it would be difficult, and 
perhaps inadvisable, to procure for them, officially, any such 
considerable measure of power as this. I believe, however, that 
an Alumni Advisory Board elected by the Alumni Association 
of a State University, under the restrictions as to membership 
provided by my scheme, that goes to work in a conscientious and 
careful way, will have all the power it. needs in any direction 
in connection with the university, whether it has official recogni¬ 
tion or not. I believe that in most state universities such a 
Board would be welcomed by the Executives and Trustees. 
That it is unlikely the Board of Trustees and the Alumni Ad¬ 
visory Board would ever come into conflict. But that if they 
ever should, and it should be deemed advisable by the Ad¬ 
visory Board to compel a course it. recommended, it, could do 
this by making a public statement of the matter at issue. I do 
not believe it would over be either necessary or advisable to 
take such drastic action, but the power to take it would lie 
with the Advisory Board, The fact that the Board had this 
power would probably obviate the necessity for its ever being 
exercised; and the fact, that such action would bo drastic, would 
be a strong reason why the Board should be extremely cautious 
about ever resorting to it. 

All the other suggestions made by Mr. Ford, insofar as they do 
not conflict with the exceptions above noted, seem to me emi¬ 
nently desirable and practical. I intend, so soon the. leisure for 
it offers, to prepare a revised scheme embodying them. 

Mr. Brackett asks: 44 Are the representatives of the Alumni 
likely to be any more expert, in educational or technical lines 
than the average member of the Alumni Association/ 1 I 
believe the value of an Alumni Board will come through t he fact 
that the members of it are not experts in education. Experts 
in any line are likely to become onesided and unable to take a 
common sense view of the relation of their work to the out side 
world. The very object of the Alumni Board is to have the 
benefit of the views of people not subject, to educational myopia. 

Some of those in educational work do not realize that an 
Alumni Board, made up of mature men who have had ten or 
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more years of worldly experience, is not going to interfere in 
matters unless it has good reason to do so. And that, generally, 
the individual members of it are in a much better position to 
acquire reliable information relative to any candidate for the 
instructional force than is anyone connected with the institution. 
The mere fact that an inquirer is connected with the institution 
makes it difficult for him to get information that is reliable. 

Mr. Brackett also says that an Alumni Board with such 
influence may foster excessive inbreeding in the personnel of 
the faculty. Dr. Eliot’s testimony is a sufficient answer to this. 
But I may say, from my own experience in connection with one 
State University, that the Alumni, generally, even those on the 
laculty, hold the view that there is too much inbreeding in most 
of the State Universities, and that it should be stopped. 

Mr. Langsdorf says: “ Where is the faculty? Its functions, 
which should be of the greatest importance in a democratic 
institution like a university, are apparently submerged and made 
subordinate to those of unduly exalted executives.” I agree 
with Mr. Langsdorf that the functions of the faculty are of the 
greatest importance. The very object of the existence of a 
university is that the faculty may exercise its functions in teach¬ 
ing, but I do not believe that administration is a proper function 
of a faculty. I do not mean to say that the faculty and its 
opinions should be ignored in the administration. Quite the 
contrary. But I do mean to say that the average faculty 
member has not had that training which fits him to have a part 
in the administration, of an institution and that if he had, the 
functions of instructing and administering do not properly go 
together. 

Mr. Upson objects to the division of a college into schools and 
departments of instruction, saying that it might be justifiable in 
institutions of ten thousand students, but implying that it is 
not justifiable at the present time. It was an institution of ten 
thousand students, or more, that I had in mind in drawing up 
this scheme. The time will come, and is not very far away, when 
we. shall have institutions of such size; and they will have to be 
handled. It. seems to me we might begin now, nominally at 
least, to handle university work in this way, so that we shall be 
ready for the larger problem when it comes; to outline a skeleton 
organization which shall be conformed to now, as nearly as may 
be without needless duplication, and which can be put more and 
more nearly into effect; as increasing numbers make it necessary. 
As our State universities become larger and larger the problem 
of handling them will become increasingly difficult unless there 
is now laid the foundation for such organization as will enable the 
proper handling of large numbers. 

It has been found in manufacturing work, where one organiza¬ 
tion makes a great quantity and diversity of product, that the 
best results are gotten, not by having one great equipment to 
turn out the various products, but by having an institution 
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consisting of a combination of smaller institutions, each with its 
own equipment, and each turning out its own line of product. . It 
is by such course, only, that the individual product can receive 
anything like the individual attention it must receive for best 
results. And under such an arrangement the product can be 
turned out of better quality and with less waste of time and 
money, even though it involves a duplication of equipment. It 
seems to me this applies to educational institutions, and that 
eventually we must have in all universities separate and distinct 
colleges involving more or less duplication of instructive force 
and equipment, in order that we may turn out the best product; 
in order that the product shall receive the same individual 
attention it does in smaller institutions. By such a course we 
shall retain all the advantages of the large institution while 
doing away with the disadvantage that the large institution 
is now considered to have as compared with the,smaller one; and 
at the same time establish lines of growth along which the in¬ 
stitution may continually and naturally expand to meet the 
requirements of continually increasing numbers of students and 
the demands for additional courses of instruction. 


A paper presented at the 26 Uh meeting of the 
American Institute of Electrical Engineers , 
New York, October 13, 1911. 

Copyright 1911. By A. I. E. E. 


A THEORY OF COMMUTATION AND ITS APPLICATION 
TO INTERPOLE MACHINES 


BY B. G. LAMME 


In the usual theory of commutation it is considered that, 
when the current in a coil is commutated or reversed, the local 
magnetic flux due to the current reverses also, and in so doing 
sets up an e.m.f. in the coil which opposes the reversal. This is 
the so-called reactance voltage referred to in commutation prob¬ 
lems. The fact that two or more coils may be undergoing 
commutation at the same time involves consideration of mutual 
as well as self-induction. The relation of the mutual to the self- 
induction, the probable value of each, etc., lead to such mathe¬ 
matical complication in the analysis of the problem, that em¬ 
pirical methods have become the usual practice in dealing with 
commutation. The usual analytical methods do not permit a 
ready or easy physical conception of what actually takes place. 
One must think in formulas rather than in the phenomena of 
the commutation itself. 

According to the usual theory, during the commutation of the 
coil the local magnetic flux due to the coil is assumed to be 
reversed. However, in the zone in which the commutation 
occurs, certain of the magnetic fluxes may remain practically 
constant in value and direction during the entire period of com¬ 
mutation. This is but one instance, of which there are several, 
to show where there is apparent contradiction of fact in the usual 
mathematical assumptions made in'treating this problem. 

The above fact of part of the flux in the zone of commutation 
remaining practically constant in value and direction, led the 
author to a method of dealing with the problem of commutation 
which is based upon consideration of the armature flux as a 
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whole, as set up by the armature ampere turns. The results 
obtained by the method were, very satisfaetory, and it was ap~ 
parent that a much better conception could be obtained of some 
of the phenomena, of commutation than was possible with former 
methods. 

In the following pages the method is indicated in general, 
and its application to interpole machines; is then worker! out in 
greater detail. In nominterp*»Ie machines; the problem is; greatly 
complicated by the presence of local currents under the brushes 
which modify the distribution of certain of the armature magnetic? 
fluxes, as will be shown. 

This theory of commutation, with the.* met hod of calculation, 
is based upon the broad principle of the armature eenduetors 
cutting across the magnetic field set up hy the armature winding and 
thereby generating an e.m.f. in the short circuited coils which is 
proportional to the product of the revolutions , the flux wit it: ft is cut 
and the number of turns in series , The usual *' reactance M 
voltage due to reversal of t he local flux of an individual coil is 
not considered, although its equivalent appears under another 
form. 

The method in genera! is therefore the same as that used for 
determination of the main armature e.m.f,, except that the 
magnetic fluxes cut by the armature conductors arc those due to 
the armature magnetomotive force instead of those due to the 
field * 

When the armature winding is carrying current its magneto¬ 
motive force tends to set up certain magnetic fields or fluxes 
which have a definite relation to the position of the brushes. 
Considered broadly, the current after entering the. commutator 
or armature winding, at any brush arm, divides info two paths 
of opposite direction. As the winding on each of these paths is 
arranged in exactly the same way, and its the currents flow in 
opposite directions, the armature windings in these two paths 
have magnetomotive forces which are in opposite directions. 
The resultant armature magnetomotive force rises to a maximum 
at points corresponding to the brush positions. Midway between 
these, points the magnetomotive force is man Magnetic fluxes 
are set up by these magnetomotive forces, which are a function 
of the force producing them, and the proportions, dimensions 
and arrangement, of the magnetic paths; and these magnetic* 
duxes will be practically fixed in position corresponding to the 
brush setting. 
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The armature conductors cutting across these fluxes set up by 
the armature magnetomotive forces, wilt have e.m.fs. generated 
in them. In those conductors which have their terminals short 
circuited by the brushes, these e.m.fs. may be called the short 
circuit e.m.fs. 

There are three principal armature fluxes which are cut by the 
short circuited armature coils. In the order of their usual 
importance these are, 

1. That which crosses from slot to slot. It may be called the 
slot flux. 

2. The interpolar flux which passes from the armature surface 
to the neighboring poles or yoke surface. It may be called the 
interpolar flux, as distinguished from interpole flux, which term 
will be used later. 

3. That flux set up in the armature end-winding in the zone of 
the short circuited coil, due to the magnetomotive force of the 
end windings as a whole. It may be called the end flux. 

The short circuited armature coils cutting across these three 
fluxes generate the short circuit e.m.fs. The whole problem of 
commutation may be considered as depending upon the prede¬ 
termination of these three fluxes. 

Consider, first, an armature conductor approaching the point 
of current reversal or commutation. Under this condition the 
current carried by the coil always flows in the same direction 
as the e.m.f. generated by the conductor cutting across the magnetic 
field or flux set up by the armature winding is induced . When the 
terminals of an armature coil pass under the brush and are short 
circuited, it is obvious that the e.m.f. set up in the coil by the 
armature flux is unchanged in direction for the coil is still cutting 
a field of the same polarity. This e.m.f. tends to maintain the cur¬ 
rent in the short circuited armature coil in the same direction as 
before but the value the current attains will be dependent upon 
the short circuit e.m.f. and largely upon the resistance in the 
circuit, which will usually consist of the resistance of the coil 
itself and of the brush contact. As the coil passes out of short 
circuit, that is, as it leaves the brush, the current must flow in 
the opposite direction, but the e.m.f. set up by the armature 
flux is still in the same direction as before. Therefore, after 
commutation, the armature current in the coil is flowing in 
opposition to the e.m.f. set up in the coil by the armature flux. 

The following is a method for calculating approximately the 
three fluxes before described and the e.m.fs., generated by the 





armature conductors cutting them. The inter]>olar fluxes will 
be considered first, the end fluxes second, and the slot fluxes 
last, as these latter arc; greatly complicated by the problem of 
local currents produced largely by the interpolar and end fluxes, 

IxTKim>i.AR Armais hi*; Via x 

By tins is meant flic flux in the inter]solar space between the 
armature core and the field poles and yoke, due to the magneto¬ 
motive force; of the armature winding, as shown in Fig. 1. This 
magnetomotive force has its highest value at those parts of the 
armature winding corresponding to the brush contacts on the 
commutator and is zero midway between such points. If the 
brushes are set with zero lead then the maximum magneto- 
motive force of the armature lies midway bet.wrrn adjacent field 
poles ami will taper off in value from this midpoint toward the 
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adjacent edges of the pules. The flux density between the arma¬ 
ture surface and the sides of the pole;; should therefore tend to 
taper off as the armature magnetomotive force* is reduce* 1 but, in 
most, types of field construction, it feuds to increase in value due 
to the relatively shorter magnetic path as the edges of the poles 
are approached. Usually this increase very considerably over¬ 
balances flie decrease flue to the lower magnetomotive forces 
and in consequence the interpolar flux density due to the arma¬ 
ture generally has a minimum value midway between the poles 
and rises toward the edges of the pole:;. This is illustrated by 
Fig, 2, 

1 he density of this flux in the interpolar spare is dependent 
upon many renditions such as the ampere turn:; of the armature 
winding per pole, distance; between poles, eon format ion of the 
poles ,yoke, etc. in Fig. 2 the ordinate;; of tin* doited lines 
represent the flux densities at the armature interpolar surface 
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due to each of the two adjacent poles. The resultant of these 
two is the full line a c h which represents the distribution of the 
armature interpolar flux. This interpolar flux might be con¬ 
sidered as a true magnetic field fixed in space with respect to the 
position of the brushes. This field being fixed and the armature 
conductors rotating it is obvious that any conductor moving 
across this magnetic field must have e.m.f. generated in it, the 
value of which depends upon the flux which is cut at any instant. 
Therefore, the e.m.f. due to this interpolar field can be de¬ 
termined directly, if the intensity of the field itself can be cal¬ 
culated. 

During the period of commutation the armature coil is short 
circuited and has the current reversed in it under certain por¬ 
tions of this field. The problem is to determine the strength of 
the field corresponding to this point of com¬ 
mutation and then by direct calculation the 
corresponding e.m.f. can be determined. 
In the following analysis two cases will be 
considered, namely, pitch windings, and 
“ chorded ” or “ fractional pitch ” windings. 

Pitch Windings. When commutating or 
reversing a coil with a pitch winding it is 
evident that if there were no lead at the 
brushes such a coil would commutate, on 
the average, at the midpoint between two 
poles. The e.m.f. generated in the coil by cutting the interpolar 
field would therefore be proportional to the strength of the inter¬ 
polar (lux at the midpoint. This (lux can be determined approx¬ 
imately in a, fairly simple manner in the ordinary types of machines 
in which the poles are relatively long compared with the distance 
between adjacent pole tips and where the distance from the arma¬ 
ture surface to the yoke is relatively great. The following is 
a method which appears to give reasonably close results: 

Let Ho total number of wires on the armature. 

/, t he current per conductor. 
p ■■•■number of poles. 



Then, the armature ampere 


turns per pole - 


h x Wt 

2 p 


neglecting any change in ant pert* turns due to the short circuit¬ 
ing action of the brushes. 

In Fig. 3 let h represent the length of the mean (lux path 
corresponding to the mid-intcrpolar position. This is assumed 
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tu he ;i par! of a circle which is practically at right angles to the 
armature surface ami the si.ie of t he iiel.1 pule, as indicated in 

l.e! / i wall 1] o! l.uiiv eii j ii ije. 

I- 1 '! /•>“, the this, ilcjisity at the midpoint between the poles. 

2 . HI / X IF. 

2 \> h 


Then Hi 


n , ; (WH O) 

Hut b lira . , approximately, as angle H.IO ffj) i.s 


li t it) 


only approxiiuatt 
<If h 2 : 


/ .. 

0 \ / 

1 \ 

( 0 . 2 : 

1 1 ) 2 tt a ft) 25 

f , ) 

\ 

.hit) ) \ 

■ 2 l> ) 

n 

r\ . 


J 

/ approximately. 



Also, a 

Thefrb HV 

h 2 7T ^0.2a I / ) /,/ ’) ^ Hhallir /> n> 


Tlmrvf* >ru 




2 x:uu / ir, x fr 

n (U.2f>/H 0.~>) (w /> l*f>)X 2 p 


Or. /*. 


/ ll' t p 


|0.2 hp HI.5) \ w n Ppi * 




'Hir above* tfivvs tin* approximate* flux tivitr.ity at tin* midpoint 
between poles. The flux densities at points at vaeh side of the 
ini<1 1 Hintt van In* determined in a similar wanner, taking into 
aeeount the lower armature mapuetomot ivr forve as I la* mid- 
j h> i1 1 1 is departed (rom. As the edy t e of tin* pole t.*■; a.p| >r< Kiehed 
t.Iu* effect ol poll* horns may complicate tin* flux distribution so 
t-liiif, tlu* above.* method of eu leu la ling inter polar Mux density will 
not apply for points Huso to the polo. 

A. m ,j, Due to in ter polar Flux, 

L<*i A, 1 la* i'.nij. dm* to rutting flu* armature* flux, 

D diameter of armature. 

L length of von* ineluding, ventilating spares. 

To turns per individual armatun* roil. 

R% — revolutions pvr second. 
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Then, the e.m.f. induced in a coil cutting the field at c (Fig. 2) 
can be represented by the formula, 


E c = 


BiXir D LX 2 T C XR$ 
10 8 


Or, 


E ( = 


Ic Wt p 

(0.25P+0.5) (x D—Pp) 


X 


2 x D L T c R s 
10 8 


Or 


Ic Wt T c Rs ■ / 2 PXtDL 

IQ 8 X V (0.25^+0.5) (x D-Pp) 


Incidentally, with this method of dealing with the problem 
the effect of the addition of an interpole can at once be seen. 
The magnetomotive force of the interpole is superimposed on 
that of the armature and the resultant flux is then considered. 
The armature conductors cut this flux and thereby generate 
e.m.f. If the interpole magnetomotive force is stronger than 
that of the armature, then the flux established will be in the 
opposite direction in that part of the armature face which lies 
under the interpole. Therefore, the flux or field over the com¬ 
mutated coil in the non-commutating pole machine is replaced 
by flux in the opposite direction. The presence of the interpole 
does not increase the reactance of the armature coil as sometimes 
considered, but, on the contrary, the harmful flux is replaced by 
one which is of direct assistance in commutation. 

Effect of Brush Width. In cutting across the inter polar flux 
it is obvious that the e.m.f. set up in the short circuited coil is 
not a function of the length of time the coil is short circuited, 
for this interpolar flux is set up by the armature winding as a 
whole and not by individual coils. If two or more armature 
coils in series are short circuited by the brush, then their e.m.fs. 
will be in series while the total resistance in the path will be very 
little higher than in the ease of a single coil short circuited, for 
the principal part of the resistance lies in the brush contact. It 
is evident therefore that considerably higher short circuit, cur¬ 
rents can be set up by the interpolar field when more commutator 
bars, and more turns, are short circuited. It can therefore be 
assumed that, as far as the interpolar field is concerned, the more 
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commutator bars the brush covers the greater will be the short 
circuit current and the greater will be the difficulty in commuta- 
tion, assuming there is no external field assisting commutation. 

Chord Winding. With a pitch winding, with no lead at the 
brushes, the commutation of a coil will occur in the lowest part 
of the armature interpolar flux, as a a in Fig. 4. With a chorded 
winding, as indicated at b b, the commutation will occur under 
somewhat higher flux than with a pitch winding. Therefore in 
considering the interpolar flux a full pitch winding commutates 
under better conditions than a chorded winding. 

End Fluxes 

The armature winding as a whole sets up certain fluxes in the 
end windings. These fluxes are fixed in position with respect 
to the brushes, and the armature coils, in cutting across, them, 
generate e.m.fs. The only part of these end fluxes concerned in 




Fig. 5 


the present problem is that which the commutating coils cut 
during the operation of commutation. 

Fig. 5 illustrates an armature winding in which the heavy 
lines represent two coils in contact with the brushes and there¬ 
fore at the position of commutation. It is only the end flux 
density along the shaded portion or zone of this diagram which 
need be considered. If the various densities for this zone can 
be determined, then the e.m.f. in the commutated coil can be 
calculated. Only the usual cylindrical type of end windings 
will be considered, as practically all direct current machines at 
the present time use this type. Such windings are usually ar¬ 
ranged in two layers, the coils of which extend straight out from 
the armature core for a short distance, usually £ in. to 1§ in., 
depending upon size and voltage of the machine, and then extend 
at an angle to the core of 30 deg. to 45 deg. The conductors of 
the upper and lower layers therefore usually lie almost at right 
angles to each other. 


■1 


f 
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due to the end flux, considering the end fluxes for both ends of 
the core, becomes 

,, 2.15 Ic W t Xlog 2 N 7r D R S X 2 T c 
£ - = 2 \ ~^~2 ) X - ir~D sin 6 - X -10*- 

Or, 


Wt Tc Rs 
10 8 


4.3 (2 h+m ) 


X log 2 JV 


This formula is on the basis of non-magnetic paths around the 
end windings, that is, with no bands of magnetic material and no 
magnetic supports under the coils. The effect of bands over the 
end winding is approximately equivalent to cutting the flux 
path to half length for those parts of the 
end winding covered by the bands. There¬ 
fore, with bands, the diagram representing 
flux density in the commutating zone of 
the end winding would be as indicated in 
Fig. 8. In this case the total flux corresponds 
to the total area of the curve including the 
dotted portion. Of course the actual flux 
distribution would not be exactly as shown 
in this diagram for there would be some 
fringing in the neighborhood of the bands. Fig. S 

The diagram simply serves to illustrate the 
general effect of magnetic bands and an approximate method of 
taking it into account. 

The effect of a magnetic coil support will be very similar to 
that of a steel band in reducing the length of path and therefore 
increasing the flux in the neighborhood of the coil support. 
However, in case of magnetic bands over the winding and coil 
supports under it the limit lies in saturation of the bands them¬ 
selves. This usually represents a comparatively small total flux. 
The coil support, however, w r ould probably not saturate in any 
case. 

The above formula for end flux can therefore be corrected 
for magnetic bands and coil supports by multiplying by a suit¬ 
able constant to cover the increased flux. 

It is obvious that the determination of the end flux is, to a 
certain extent, a question of judgment and experience. No 
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fixed method or formula can be specified for all types of machines, 
for this flux would be influenced very greatly by the bands, if of 
magnetic material, and by the material, size and location of the 
coil supports and their relation to the bands. Also, eddy cur¬ 
rents may be set up in the coil supports which will influence the 
distribution of the end flux in the zone of the commutated coil. 
However, in each individual case an approximation can be made 
which will, in general, be much closer than would be obtained 
from any empirical rule or by neglecting the effect of the end 
flux altogether. 

Chord Winding. The effect of chording the armature winding 
is to slightly diminish the flux density in the commutating zone 
which results in a slight reduction in the e.m.f. of the commu¬ 
tating coil. But a relatively much greater gain is obtained 
by the consequent shortening of the distance c d in Fig. 8 and 
the corresponding reduction of the total end flux. Due to the 
chording itself the flux density at b is reduced practically in the 
r log 2 Ni 

ratio of j -g , where Ni = number of slots spanned by the 

coil. For example, if the full pitch is 20 slots and the coil 
spans 18 slots, then the density at b will be reduced in the 

ratio of j 0 ^ 4 q =0.971 due to the chording itself; and the flux 

along c d, Fig. 7, will be further reduced in the ratio of ~ 

' A\j 

due to the shorter end extension. The average flux along c d 
therefore will be reduced to 0.9X0.971 = 0.874, or about 87 per 
cent of that of a pitch winding. 

Effect of Brush Width. As in the case of the interpolar flux the 
width of the brush, or the number of armature coils short cir¬ 
cuited by the brush, has practically no influence on the e.m.f. 
generated per turn. However, the total effective armature 
ampere turns will be reduced slightly, if the average current in 
the short circuited turns is less than the normal current. This 
will have a very slight effect on the e.m.f. 

Slot Flux 

By this is meant the magnetic flux across and over the arma¬ 
ture slots which does not extend to the yoke or field poles. 

Two general eases will be considered; first, that in which no 
local currents are present, which is the case in well designed 
interpole machines; and second, that in which there are local 
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currents set up in the short circuited coils, which is almost 
invariably the case in machines without interpoles or some other 
form of compensation. Also, pitch and chorded windings will 
be considered. 

Slot Flux with No Local Currents 
Pitch Winding. Let Fig. 9 represent an upper , and a lower 
coil in the same slot, with equal turns and currents. Then if 
there is no saturation in the adjacent teeth the flux density across 
the slot will be zero at the bottom of the lower coil and will 
rise to a maximum value at the top of the upper coil. There 
will also be a flux across the slot above the upper coil and also 
from the top of the tooth as indicated in Fig. 9. The total slot 
flux entering at the bottom of the teeth is therefore equal to the 
total flux wdiich crosses the two adjacent slots, plus the flux 
crossing at the top of the slots. The interpolar flux which ex- 



Fig. 9 Fig. 10 


tends from the armature surface to the poles or yoke is not in¬ 
cluded in this. 

As this slot flux is practically fixed in position the armature 
conductor in slot A, in passing from a to b must cut this flux. 
It is obvious that the flux which crosses above the uppermost 
conductor in the slot is cut equally by all the conductors in the 
slot, as the coil passes from position a to position b\ but the flux 
crossing the slot below the uppermost conductor does not affect 
all the conductors equally, and therefore, for simplicity of cal¬ 
culation, an equivalent flux of lower value can be used which 
may be considered as cutting all the conductors equally. 

Let d Fig. 10, represent the depth of the conductors of one 
complete coil. 

t represent the' distance between the upper and lower 
coils. 

a represent the distance from the upper. conductor to 
the core surface. 
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^ represent the width of the slot, assuming parallel sides. 
n represent the ratio of width of armature tooth to the 
width of the armature slot, at the surface of the core. 
T c represent turns per single coil, or per commutator bar. 
C s represent the number of individual coils, or commu¬ 
tator bars, per complete coil. 

L represent the width of armature core, including 
ventilating spaces. • 

I c represent the current per armature conductor. 

Then, ampere turns per upper or lower coil = I z T C s . 

Total flux across coil space = 3-19 I - T i>< C ‘ L ( 2 d +A 

s 

Flux across slot above coil — ——— — 1 ^ 

s 

Flux from tooth top across the slot is approximately, 

3.19 I c T c C s ZX2X0.54 <n 

Total flux above upper coil = 3.19 I,-T,C S L 

The sum of the two fluxes represents the total flux across one 
slot which enters at the bottom of one tooth. As a similar flux 
passes across the slot at the other side of the tooth the total 
flux entering the tooth will be double the above and becomes 

Total slot flux = 2X3.19 I c T c C s L ffl + LQ8 sjjn) 

S 

This total flux cannot be used directly in the calculations as 
it does not affect all the conductors equally. It is therefore 
necessary to determine equivalent fluxes for the upper and 
lower coils which can be used instead of the above value. 

For the lower coil the following value has been calculated: 

The equivalent flux = - — - — (1.833 d+t) 

And for the upper coil, 

Equivalent flux = 2 x3 - 19 ><^ . :r ‘- . QlLl x o.833 d 

To these equivalent fluxes should be added the total flux 
above the upper coil. This gives the total effective flux for the 
upper and lower coils. Then, for the lower coil, 
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Total effective flux 


= 2X3.19 I T CsL (-• 

And for the upper coil, 

Total effective flux 

= 2X3.19 Ic T c Cs LX 


'1.833 d+t+2 a+1.08 5 V n 


(0.833+2 a+1.08 s V n) 


The average value of the effective flux for the upper and 
lower coils then becomes, 


3.19 Ic T c C s L 


C2.67d+H-4a+2.16s ±n) 


(This average effective value is approximately 80 per cent of the 
total slot flux.) 

On the basis of a pitch winding and the assumption that only 
one armature coil is short circuited, that is, with the brush 
covering the width of only one commutator bar, then the above 
slot flux is cut by all the coils in the slot in passing through one 
slot pitch. From this the e.m.f. in the commutating coil due to 
the slot flux can be calculated directly and may be expressed as 
follows: 

R c ~ - wxfi. X number of slots 


X3.19 I c T c Cs L 


(2.67 d+t+Aa+2.16 s <n) 
s 


But GX number of slots=No. of commutator bars 

total number of conductors _ W t 
2 T c “2 T c 

Therefore the above expression for e.m.f. may be changed to the 
form, 

3.19 I c W t TcRsL (2.67 d+Aa+t+2Ms <n) 
hc ~ 10 8 5 


If it is desired to compare this expression with a certain well 
known formula which has been much used heretofore, then let 
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the quantity in the parenthesis in the above expression be repre¬ 
sented by c x . The formula can then be changed to, 

^ ^ N w I c 77 Xnumber commutator bars XRs XL 

E; ~ (2 X 3 . 19 X C x ) X i r\g 


It contains the same terms (except in the value of the constant) 
for the expression of the e.m.f. which has been used heretofore 
in determining the reactance of the commutated coil. 

Effect of Brush Width or Number of Commutator Bars Covered 
by Brush. The above formulas are on the basis of the brush 
covering only the width of one commutator bar. In this case 
all the conductors of one slot cut across the entire slot flux in 
passing through one tooth pitch. However, if the brush covers 
more than one commutator bar, then the full slot flux is not cut 
in passing through one tooth pitch, and a movement greater than 
one tooth pitch is required for full cutting. For example, if 
there is one commutator bar per armature slot and the brush 
covers a width equal to two commutator bars, then the total 
cutting of the slot flux will take place in two tooth pitches. 
Again, if there are three commutator bars per armature slot and 
the brush covers the width of one commutator bar, then the total 
cutting of the total slot flux would occur in one tooth pitch, while 
if the brush covered two bars, the total cutting would occur in 
1| tooth pitches; and if it covered three bars If tooth pitches 
are required. In other -words, the total cutting will occur in a 
period corresponding to the number of commutator bars per 
slot plus one less than the number of commutator bars covered 
by the brush. 

On this basis the correction factor for the slot e.m.f. should be 


expressed by the term 


Cm 

Cs+Bi-l ’ 


where Cs = number of com¬ 


mutator bars per slot, and 15, = number of commutator bars 
spanned by the brush. However, with several coils per slot, 
and with the brush spanning several bars, the rate of cutting of 
the tooth flux for the entire period is not quite the same as the 
rate for one tooth pitch. Taking this into account the correc¬ 


tion factor should not be equal to ^ > 


but is slightly 


greater. Up to four commutator bars per slot, and three bars 
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spanned by the brush the correction factor can be expressed by 
the term Id —— - 77 —. 

i Us Us 

Taking the lengthened period of reversal into account, it 
would appear that a wide brush covering a large number of 
commutator bars should be beneficial in reducing the e.m.f. 
generated by the slot flux. This is true where the local currents 
are very small, or are absent, as is the case in a properly designed 
interpole machine. In a non-interpole machine where the local 
currents in the short circuited coils may be relatively high, this 
condition does not hold, as will be explained later. 

The above formula for e.m.f. due to the slot flux should there¬ 
fore be modified by multiplying by a factor which takes into 
account the period of reversal as affected by brush width. 

Chord Winding. The armature winding may be chorded one 
or more slots and, in some instances, where there are several 
coils side by side there has been chord- 
ing of part of the conductors in the 
slot. In Fig. 11 is illustrated the 
conditions with one-slot chording. 

The total slot flux now occupies two 
teeth instead of one. Therefore the 
e.m.f. set up by cutting across this 
slot flux will be approximately one- 
half that which is obtained with a 
full pitch winding, on the basis of the brush covering the 
width of one bar only, for the e.m.f. generated by cutting this 
flux will be reduced in proportion as the period of cutting is 
increased. There is one slight difference from the flux distribu¬ 
tion with a pitch winding, namely, that at the top of the teeth. 
With a chorded winding this flux will be slightly greater than 
with a pitch winding, but the total effect of this difference should 
be relatively so small that ordinarily the value need not be 
changed. Therefore equivalent fluxes used with chord windings 
can be taken the same as for pitch windings. In consequence, 
the e.m.f. due to the slot flux, with one-tooth chording, may be 
taken as one-half that for a pitch winding, with the brush cover¬ 
ing one commutator bar in both cases. 

For two-slot chording the slot flux may be considered as oc¬ 
cupying the space of two teeth only, while there will be a mag¬ 
netically idle tooth at the center. The e.m.f. per coil actually 
generated by cutting the slot flux will be, for part of the period, 
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tiie same as for one-slot chording, but there will be an inter¬ 
mediate period where the slot e.m.f. is practically zero, which 
does not occur with a one-slot chording or with a pitch winding. 
The average results, however, should be practically the same as 
if the total slot flux were actually distributed over three teeth 
instead of two. 

Effect of Brush Width with Chord Winding. In the chord 
winding, when the brush covers two or more commutator bars, 
the period of cutting the slot flux will be lengthened just as with 
a pitch winding on the assumption of no local currents. For 
example, if there are three commutator bars per.armalure slot 
and the winding is chorded one slot, then with the brush covering 
one commutator bar, complete cutting of the slot flux will occur 
In the space of six commutator bars. If the brush covers three 
commutator bars instead of one, then complete cutting will occur 
in the space of eight commutator bars, while in a corresponding 
fnll pitch winding it would occur in the space of five bars. There¬ 
fore, the wide brush represents an improvement with the chorded 
winding, but not to the same extent, relatively, as With the pitch 
winding. This is on the assumption of absence of local currents 
in the short circuited coils. 

Bands on Armature Core. By.the preceding method of analysis 
tbe effect of bands of magnetic material on the armature core can 
be readily taken into account. This effect represents simply an 
addition to the total flux which can pass up the tooth and across 
tbe top of the slots. From the ampere turns per slot, the clear¬ 
ance between the bands and the iron core, the total section of the 
band, etc., the flux due to the band can be calculated. This flux 
can either be combined directly with the slot flux already de¬ 
scribed and the resultant e.m.f. can then be calculated; or, the 
e.m.f. can be calculated independently for the band flux alone. 
Iviagnetic bands on the armature introduce a complication into 
the general e.m.f. formula due to the fact that in many cases the 
flux into the bands is such as to highly saturate the band material 
a.t relatively low armature currents. This flux therefore is 
usually not proportional to the armature ampere turns. If the 
e.m.f.due to the band flux is to be calculated separately, the 
following formula can be used: 

cj>, represents the total magnetic flux in the band from the 
armature core considering both directions from the tooth, then 

77 _ 2 (j>t) N p T c Bs 
10 8 
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This formula holds true for the band flux which passes through 
the one tooth in the pitch winding. Proper allowance must be 
made for the effect of chord windings and brush width, which 
can be done by the methods already described. 

Slot Flux with Local Currents 
Pitch Winding. In the preceding analysis local currents have 
not been included, as the method would be greatly complicated 
by taking such currents into account. In the general method 
given below the effect of local currents in the short circuited coils 
can be most easily shown. 

As already explained, an armature coil, as it approaches the 
short-circuit condition, has an e.m.f. generated in it by the inter- 
polar and the end fluxes. After the coil is short circuited this 
e.m.f. is still generated by the coil and naturally a local or short 
circuit current tends to flow through the coil, brush contact 




and brush. In addition, the work, or supply, current is being 
furnished to the armature winding through the brushes. These 
two currents are superimposed in the short circuited winding 
in such a way as to have a very pronounced influence in the 
distribution of the slot fluxes. This effect can be best seen by 
first determining the distribution of the work current in the 
various parts of the short circuited winding on the assumption 
of no local current and second, determining the distribution 
of the local currents on the assumption of no work current , but 
with the same armature magnetomotive force as in the first assump¬ 
tion. The two distributions can then be combined and the re¬ 
sultant currents in the various parts of the short circuited coils 
can be obtained. 

Let Fig. 12 represent the first assumption in which no local 
currents are present. In order to illustrate conditions to better 
advantage, four commutator bars are assumed to be covered by 
the brush. Uniform distribution of current over the brush con¬ 
tact can be assumed in this case, as there are no local currents. 
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Tracing out the current in each short circuited coil in Fig. 12, 
it will be seen that the current decreases at a uniform rate and 
then rises in the opposite direction at the same rate until the 
short circuit is removed. The period of commutation is the 
longest possible with this number of commutator bars short 
circuited, and the brush conditions are ideal, as the current 
density at the brush contact is uniform at all parts. The above 
are the conditions which the designer endeavors to obtain in the 
construction of good interpole machines, as will be shown later. 

In Fig. 13 the same arrangement of winding and brushes is 
chosen as in Fig. 12 except that only the local currents are shown 
and the values of these are assumed as proportional to the 
e.m.fs. in the short circuited coils and the resistance in circuit. In 


this diagram the current is a minimum 
in the coils at the moment that short 
circuit occurs, and rises to a maximum 
value and then diminishes to zero value 
again at the end of the short circuit. 



Fig. 14 



Fig. 15 


In Fig. 14 the currents of Fig. 12 and 13 are superimposed. 
The resultant currents in the various parts of the short circuited 
winding are seen to rise after short circuit until a maximum value 
is reached and then decrease rapidly and reverse to normal 
value in the opposite direction. Therefore, the period from 
normal value of the current to normal in the opposite direction 
is very much shorter than when no local currents are present. 
It may therefore be considered that the period of reversal is 
much reduced by the presence of the local currents, so that the 
e.m.f. in the short circuited armature conductors generated by 
the slot flux is proportionately increased, compared with the 
value it would have in case the local currents were absent. 
These conditions can be shown possibly in a somewhat better 
manner by curves a, b and c in Fig. 15. The curve a shows the 
distribution of current in the short circuited coils without any 
local currents. Curve b shows the distribution of local currents. 
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while curve c shows the resultant of the two. The distance be¬ 
tween d and / on curve c gives the period of reversal from normal 
current in one direction to normal current in the opposite direc¬ 
tion. This period is much shorter than the full period repre¬ 
sented by gf which w T ould be obtained without local currents. 
The period df, however, may not differ much from the period 
of commutation with the brush covering the width of only one 
bar, -when the local current is high compared with the work cur¬ 
rent. In such case the gain in the period of commutation which 
should be obtained by means of the wider brush may be practi¬ 
cally offset by the effect of the local currents which also increase 
with the wider brush, so that over a considerable range the 
resultant of the two effects may be practically constant. This 
is one indication why, in non-interpole machines, the brush 
width may be varied over quite a range with relatively small 
noticeable difference in the commutation. This may be il¬ 




lustrated by Fig. 16, in which is shown the current conditions 
with two to five bars spanned. In this figure a b, be , c d, etc., 
each represent the width of one commutator bar. Therefore, 
curve A, extending over the width a c, represents two bars 
spanned. The period of reversal of the current from normal 
value in one direction to normal in the opposite direction is 
represented by g c for curve A, h d for curve B y i e for C and 
kf for D. A comparison of these values is interesting. Calling 
•a b the period of reversal with the brush covering one bar only, 
then g c with two bars covered, is greater than a b. h d is also 
greater than a b , but less than g c } while i e is slightly less than 
a b, and kf is considerably less. However, the variation be¬ 
tween g c and kf is much less than between a c and af which 
'would be the corresponding periods with no local currents. 

It should be borne in mind that the above curves are only 
relative, depending upon the comparative values of the local 
nd work 'currents and assuming a constant brush resistance 
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which is not correct, but they serve to illustrate the general 
principle. This method of presentation is simply a skeleton of 
the problem of commutation when local currents are present 
in the short circuited coils and it would be beyond the scope of 
this paper to attempt a full solution. 

Effects of Field Distortion. One of the “bugaboos ” of the 
designer of commutating machines has been the question of field 
distortion. It has usually been considered that when the ma¬ 
chine is loaded the magnetic field is more or less distorted or 
shifted from its normal no-load position and that commutation 
is affected by this distorted field. 

To state the case plainly, the field distortion has practically 
nothing to do with the problem. The distorted field magnetism 
is simply a resultant of the no-load main field flux combined 
with that due to the armature winding. Therefore, the two 
components of the distorted full-load field are the no-load main 
field, which is fixed in space and is usually practically constant, 
and the armature field, which is also fixed in space but varies 
with the load. If the brushes are set in a certain position with 
respect to the no-load field, then, as this component of the re¬ 
sultant full load field is practically fixed in space and in value, 
it has no variable influence on the commutating conditions. 
The true variable element which does affect the commutation 
is the armature field, or flux, and it is in this very flux which is the 
basis of the preceding theory of commutation. Therefore, the 
distorted resultant field of a loaded machine does not present 
any new condition in the problem of commutation. One ex¬ 
ception, however, can be made to the above, namely, where 
there is any considerable saturation in the armature teeth or 
in the main field pole corners. The effect of the armature mag¬ 
netomotive force is to strengthen one corner or edge of the field 
pole and to weaken the other edge, but when saturation is pro¬ 
nounced the strengthening action is much less than the weaken 
ing action. The resultant of these actions is a decrease in the 
total value of the main field flux. If, now, this main field flux 
be brought back to its normal total value, or higher, a very con¬ 
siderable addition to the main field magnetomotive force will be 
necessary, which will be effective in increasing the field flux at 
the weaker pole corner to a much greater extent than at -the 
highly saturated pole corner. In consequence, with load, the 
main field distribution, or field form, may be considered as being 
changed from its no-load form A, to the form 3, as indicated 
in Fig. 17. It is, in reality, strengthened at a point 6, for 
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example. In such case the main field will have a variable in¬ 
fluence on the commutation, if the brush is set with a lead, as 
at 6, and, to a slight extent, the effect of an interpole is thus 
obtained. 

Effect of Brush Lead. Before taking up the problem of inter¬ 
poles on direct current machines it might be well to consider the 
effect of brush lead, as this gives a result intermediate between 
true interpole and non-interpole commutating conditions. 

The preceding formulas apply to non-commutating pole 
machines without brush lead. However, except in case of re¬ 
versing machines, such as street railway motors, or hoist motors, 
etc., it is usual practice to give a forward lead to the brushes 
of direct current generators or a slight backward lead to direct 
current motors. The effect of giving a lead at the brushes of a 
non-interpole direct current machine may be considered as 
being equivalent to the effect of an interpole with the exception 



that correct flux conditions and proper commutation, with any 
given brush setting, are obtained only for one given load. 

As described before, with a non-interpoltf machine the arma¬ 
ture winding sets up a flux in the interpolar space. With no- 
lead at the brushes this flux is usually a minimum midway be¬ 
tween the poles and rises toward the polar edges. The flux: 
from the adjacent main poles has a zero value midway between 
the poles and rises toward the polar edges, but has opposite 
polarities at the two sides of the midpoint. This is illustrated in 
Fig. 18. The resultant of the armature and field fluxes is indi¬ 
cated by the dotted line A . This resultant falls to zero at one 
side of the midpoint and then rises in the direction opposite to 
that of the flux due to the armature ampere turns. At the other 
side of the midpoint the two fluxes add, giving an increased re¬ 
sultant flux in the same direction as the interpolar flux due to the 
armature. From this figure it is evident that if the point of 
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commutation is shifted from a to the point of zero interpolar 
flux by then commutation will occur without any interpolar flux 
to be taken into account, that is, the e.m.f. generated by the 
short circuited armature conductors may be due to the slot and 
end winding fluxes only. If the brushes are shifted still further 
in the same direction to c , then, not only will the interpolar arma¬ 
ture flux be annulled but a flux in the opposite direction would be 
cut by the short circuited armature conductor, which will gen¬ 
erate an e.m.f. in opposition to that due to the armature fluxes 
in the slots and end windings. Consequently, the commutation 
can be materially assisted by such lead at the brushes. 

The difficulty in the use of this method of commutation lies 
In the fact that the commutating or reversing flux at c is the 
resultant of the main field flux and the armature interpolar flux 
at this point, and the latter flux varies with the load, while the 
former remains practically constant. Therefore the zero point 
of the resultant field shifts backwards or forwards with change in 
load and the density of the commutating field beyond the zero 
point will therefore change with the armature current. In con¬ 
sequence, if the brushes are shifted into a suitable resultant field 
c at a given current, then with a different load the intensity of 
this field at c will be changed, and unfortunately the change will 
be in the opposite direction from that desired. In other words, 
the density of this resultant field will decrease with increase in 
load, whereas just the opposite effect is desired for good commu¬ 
tation over a wide range in load. 

In practice, however, an average condition is found which, in 
many cases, will give reasonably good commutation over a rela¬ 
tively wide range in load. The brushes may be shifted at no- 
load into an active field in such a way as to generate an e.m.f. 
in the armature coils of a comparatively high value. This 
e.m.f. will circulate considerable local current through the brush 
contacts and the amount of lead which can be given is dependent, 
to a certain extent, upon the amount of local current which can 
thus be handled without undue sparking. 

As the load is increased the strength of the resultant field, 
corresponding to this brush position, will be decreased, and with 
some value of the current this field will be reversed in direction. 
At this point the e.m.f. due to this field is added to the e.m.f. 
due to the slot and end winding fluxes. Obviously the limiting 
condition of commutation will be reached at a much higher cur¬ 
rent than would be the case if no l§ad at all had been given. This 
condition is represented in Fig. 19, in which curves 1, 1, 2, 2, 3, 3, 
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etc., represent the armature and resultant flux distributions with 
various loads. In this figure the brushes are given a lead so that 
commutation occurs at a point corresponding to b. 

It is obvious that at heavy load a still greater lead at the 
brushes might give improved commutating conditions. How¬ 
ever, if the load were suddenly removed without moving the 
brushes toward <z, then the short circuited coils would be cutting 
the main field at such density that serious sparking or flashing 
might occur. 

One serious objection to this method of commutation is that 
the distribution of the resultant field is practically such that 
equally good commutation cannot be obtained for all the coils 
in one slot when there are several coils or commutator bars per 
slot. All the coils of one slot must pass under a given position 
or value of the interpolar magnetic field at the same instant, 
while the commutator bars to which these coils are connected 
must pass under the brush consecutively. If the field intensity 
is just right for good commutation as the first coil per slot 
passes under the brush, then it may be entirely too great by the 
time the last coil is commutated. For good commutation with 
a number of coils in one slot, the resultant interpolar flux should 
have practically constant value over the whole range repre¬ 
sented by the period of commutation of all the coils in one slot. 
This condition, however, is extremely difficult, or is frequently 
impracticable, to obtain with the ordinary non-interpole ma¬ 
chine. 

The above treatment of the problem of the effect of the brush 
lead has been based upon the armature interpolar magnetic 
field being located in the same position with lead as when there 
is no lead at the brushes. It has been assumed heretofore that 
the non-interpolar flux due to the armature winding has a mini¬ 
mum value midway between the main poles and rises uniformly 
toward two adjacent pole corners. This, however, is only true 
when the point of commutation, or brush setting, is midway be¬ 
tween the poles. When the brushes are shifted toward either 
pole the point of maximum armature magnetic potential is 
shifted in the same way. This means that the distribution of 
the armature interpolar flux will be modified directly by the 
position of the brushes. Instead of rising uniformly toward the 
two pole comers, with a minimum value midway between, it 
will have a minimum at one side of the midpoint, this being at 
the opposite side from the point of brush contact, and will have 
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an increased value on the side toward which the brushes are 
shifted. This is illustrated in Fig. 20 in which A represents the 
armature interpolar flux distribution with the brush at a , while 
B represents it with the brush at b. 

This increased armature interpolar flux due to the brush 
shifting means that the resultant interpolar flux due to both the 
armature and main field fluxes will cross the zero line at a point 
further removed from the midpoint than in the case of no lead 
at the brushes. Consequently, in order to obtain a given useful 
commutating field the brushes must be given a greater amount of 
lead and this in turn shifts the zero point still further. Thus, 
the act itself of shifting the brushes makes the commutating con¬ 
ditions more difficult. 

The calculation of the commutating conditions with any given 
lead therefore resolves itself into a determination of the re- 



Fig. 20 


sultant fluxes in which the coil is short circuited or commutated 
and the e.m.fs. generated by such fluxes. For the slot and end 
winding fluxes the calculation will be the same as for no-lead at 
the brushes. The resultant flux in the interpolar space is the 
only condition which will introduce any variation from the pre¬ 
ceding formulae and methods of calculation. This part of the 
problem resolves itself simply into the determination of the 
resultant interpolar flux at the point of commutation for any 
given load. The corresponding e.m.f. can then be calculated. 
This, combined with the e,m.fs. due to the slot and end windings, 
gives the total short-circuit e.m.f. The method is, in principle, 
exactly the same as given before, except that the determination 
of the interpolar flux will be modified. 

Summation of Formula. In order to obtain the total voltage in 
the short circuited coil a summation should be made of the four 
separate voltages which have been derived for the interpolar, 
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end, slot and band fluxes. In reality it is the resultant fluxes 
which should be combined, but as tire voltages to be- derived 
from these fluxes represent somewhat different terms, a better 
procedure appears to be the summation of the voltages. Also, 
in practice it is the e.m.fs. generated by the different fluxes, 
rather than the fluxes themselves, which are desired. 

The e.m.f. derived from the interpolar flux is 


£,=bX 


I, W t T, Ks 2 pir D L 

10 s ~ (0.25 p+0.5) (7T I)-Pp) 


where c, is a correcting factor for chord winding, etc. 
The formula for the end flux voltage is, 

A-c-rX s X j £ Xl0 -" A 


where c*> represents the correcting factor tor chord windings, etc. 
The formula for the slot ilnx voltage is, 
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where c% is the correcting factor for the brush width, chord 
winding, etc., and, 
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It is evident from this last equation that when there are no 
bands over the core the total e.m.f. in the short circuited coil 
is directly proportional to the current per armature coil or con¬ 
ductor. If the bands saturate, as would usually be the case 
with any considerable load, then the e.m.f. is no longer directly 
proportional to the current. Attention is called to this point 
as it has some bearing in the design of interpole machines. 

Condensed Approximate Formula. The above formula can 
be simplified very considerably by certain approximations which 
introduce but little error within the range of ordinary design. 


First, the expression, 


P 


does not seem 


(0.25 £+0.5) ( irD-Pp ) 
to be capable of any general simplification. In fact, as shown 
from its derivation, it is not a general term, but applies only to 
certain constructions and may appear in a quite different form 
for other constructions. Therefore this expression must be 
used with judgment in any case. Moreover, this term appears 
’only in non-interpole machines or in interpole machines only 
when the interpoles are narrower than the armature core or the 
number of interpoles is less than that of the main poles. There¬ 
fore this term may be neglected in many cases where interpoles 
are used. 

(2 h+m) 


Second, the expression 4.3 
as follows: 


(sin 9 ) 


log 2 N can be changed 


4.3 


(2 h+m ) __ 4 7 r D 


, with reasonable accuracy within the 


(sin 9) p 
ordinary limit of design, 

And log 2 N = 0.9+0.035 N , with an error of about 4 per cent 
within the range of 6 to 24 slots. 

Therefore 4.3 i og 2 N = (0.9+0.035 N). 

(sm 0 ) p 

approximately. 

This is simpler to handle, in practice, than the original term. 

. - - . 2.666 d- f-4 a+2+2.16 5 's/n , 

Third, the expression,-—-can be sim¬ 


plified very materially. 

Let the total depth of slot be represented by d s , which is equal 
to 2 d+a+ 1.5 t, approximately. 


Then, the term, 2.666 d+4 can be changed to 


4 d s 
3 


8 a —3 t 
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Assuming a = 0.25 and £ = 0.15, then 


8 a — 3 t 
3 


= 0.52 approximately. 


^ , 2.66 d+4 a+t 4 d s ,0.52 

1 herefore, --——-= 0 H- 

s 3 s s 

This is a very close approximation within the ordinary work¬ 
ing range of slot dimensions. Therefore, the above expression 
4 d 0 52 /— 

becomes, H——+2.16 v n, which is much simpler to use in 

6 s s 

practice. 

Fourth, in the simplified equation 7 r appears in the first 
and second terms, and 3.19 appears in the third term. These 
are so nearly equal that t may be used as a common factor for 
the three terms. 

The combined formulae for the total voltage per armature 
coil thus becomes, in approximate form, 

p _Ic WtTcRs tt r 2 p D L 

10 s L Cl (0.25P+0.5)(tD-PP) 

+C2 (0.9+0.035 N) + 

P 

, (1.33 4+0.52+2.16 5 V«)1 , 2 fa Np T c R s 

CzL _ _ — J + c 4 - Jqs- 

This appears to be about as simple a form as the equation can 
be put into when all the factors are to be included. It will be 
shortened for machines without magnetic bands on the core, 
and in many interpole machines the term derived from the inter- 
polar flux may be omitted. For a given line of machines which 
are all of similar design, etc., it is probable that the terms can 
be further combined and simplified. 

Inter?olar Machines 

In the interpole machine a small pole is placed between two 
adjacent main poles for the purpose of setting up a local magnetic 
flux under which the armature coil is commutated. This local 
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flux, in order to assist commutation, must be opposite in direction 
to the interpolar flux set up by the armature winding itself. To 
set up this flux in the opposite direction the magnetomotive 
force of the interpole winding obviously must be greater than 
that of the armature winding in the commutating zone. 

An armature coil, cutting across this interpole flux, generates 
an e.m.f. proportional to the flux, the speed and the number of 
conductors in series. This e.m.f. is in opposition to the e.m.f. 
in the short circuited coils, generated by the slot and end winding 
fluxes. For ideal commutation these e.m.fs. are not only in 
opposition, but they should also be of practically equal value. 
For perfect commutation the current in a short circuited coil 
should die down to zero value at about a uniform rate and 
should then rise to normal value in the opposite direction by the 
time the coil passes out from under the brush, as was illustrated 
in Fig. 12. This is the condition when no local currents are de¬ 
veloped in the short circuited coils and this can only be obtained 
when the interpole e.m.f. at all times, balances the armature 
e.m.fs. in the short circuited coils. 

Looking at the problem broadly, the resultant magnetic 
fluxes and e.m.fs. may be assumed as made up of two com¬ 
ponents which can be considered singly. One of these com¬ 
ponents is that which would be obtained with the armature 
magnetomotive force alone acting through the various flux paths, 
'including the inter pole. The other would be that which would be 
obtained with the full interpose magnetomotive force alone, the 
armature magnetomotive force being absent. Saturation is hot 
considered in either case. 

Considering the first component, due to the armature mag¬ 
netomotive force alone, there would be the slot and the end 
fluxes with their short circuit e.m.fs., as already described, 
and in addition, there would be a relatively high flux, and short- 
circuit e.m.f. due to the good magnetic path furnished by the 
interpole core. In case the interpole does not cover the full 
width of the armature, or the number of interpoles is less than 
the main poles, there will also be some interpolar flux and e.m.f., 
as already described. 

Considering the second component, the entire inter pole mag¬ 
netomotive force would set up a relatively high flux through the 
interpole magnetic circuit and a correspondingly high e.m.f. 
would be generated in a short circuited armature coil cutting 
this flux. 
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When these two components arc superimposed, it is seen that, 
the interpole llux due to the armature magnetomotive force is 
in direct opposition to that due to the inteipole magneto¬ 
motive force and therefore only the e.m.l. due to tlicit dif¬ 
ference need be considered. As the inlerpole winding has tlu* 
higher magnetomotive force, the resultant interpole e.m.l. is 
in opposite direction to 11 it 1 armature e.m.fs.. and should be 
sufficient to neutralize them. This way of considering t he prob¬ 
lem avoids a number of contusing elements which would com¬ 
plicate the explanation, if given in detail. 

In practice it is difficult to obtain exact equality between the 
interpole and armature e.m.fs. That due to the armature 
flaxes is generated in all parts of the eoil including the end 
winding, while the e.m.l. due to the interpole flux is generated 
only in that part of the eoil which lies in the armature slots. 
However, it makes no difference in what part of the coil tin* e.m.l. 
due to the interpole is generated provided it, is of such value that, 
it properly opposes and neutralizes the various e.m.fs., due to 
the armature fluxes. Therefore, in practice the iutcrpoles need 
not have the same width as the armature core and, where spa.ee 
and magnetic conditions will permit, the number of intcrpol.es 
can be made half that of the main poles. 

According to the method outlined, the whole, problem of the 
design of the iuterpole depends, first, upon the determinal ion 
of the e.m.fs. due to the armature fluxes, and, second, upon the. 
determination of such interpolo flux as will generate an e.m.l. 
in the short circuited armature coils which will equal, or slightly 
exceed, the armature e.m.fs. 

Interl>nk Calculations. Assuming that all the armature 
fluxes, except the interpolar, are unaffected by the presence o| 
iutcrpoles, the armature e.m.f. to lie balanced by the inlerpole 
would be represented by the formula 




w t k, r, r 

10 * 


-Wo 



Lx) 


2 n /> 

(0.25 p 1-0.5) O l> 


(0.1)+0.035 N) + 


l’l>) 


Oj L 


1.33 <4+0.52 + 2.10 


v'n 1 2 </> N p T, Ah 

J +C4 10- 


S 













1911 ] 


LAM ME: COMMUTATION 


2389 


However, the flux above the slot, from the tooth top, is very 
considerably modified by the interpolar flux. In fact most of 
this should be omitted. It may be assumed that the flux across 
the slot, above the upper coil, simply “ bulges ” up slightly 
into the air gap, and the remainder of the usual tooth top flux 
is absent, except when the interpole does not cover the full 
armature width. Therefore, in the above formula, the term 
LX2 .lQVn should be changed to (Z —Za)X2.16Vre and the 


term 


1 .33 d s + 0.52 

5 


replaced by 


1.33 d s +0 -7 

5 


Then, the corrected resultant of all the armature e.m.fs. 
becomes 


s. _ I c WtRsT c ir , T t \ 2 Dp 

e 10 s L' :i 1 Ll) (0.25p+0.5)(TrD-Pp) 

+C 2 X—y— (0.9+0.035 N) 

P 

+c>L (1.33 & +0.7) +c . (L _ ii)x2 . I6 V ~y CiX ?MMj:- 
In this formula 

L represents the width of the armature core. 

L\ represents the effective width of interpole at the gap 
on the basis of the full number of interpoles. 

L — L\ is the difference between the width of the armature 
core and the interpole face. This term enters when the interpole 
is narrower than the armature core. When alternate interpoles 
are omitted and the remaining interpoles are of the same width 
as the armature core the conditions are practically the same as 
when the full number of interpoles are used but with their width 
equal to half the core -width. Other combinations should be 
treated in the same way so that the above formula can be taken 
to represent the general conditions. 

In practice it is desired that the resultant interpole e.m.f., 
and therefore the interpole flux, vary in proportion to the arma¬ 
ture short-circuit e.m.f. which is to be neutralized. As shown 
by the last equation, this e.m.f. is proportional to the armature 
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current, except where there is saturation in the armature flux 
path, as in the case of magnetic bands over the core. Therefore 
the interpole magnetomotive force should vary in proportion 
to the armature current, neglecting core bands. In consequence, 
in practice the interpole winding is always connected in series 
with the armature winding. 

The interpole magnetomotive force can be considered as made 
up of two components, one of which neutralizes the armature 
magnetomotive force, and the other component represents the 
ampere turns which set up the actual interpole flux. The first 
component will be referred to as the neutralizing ampere turns 
or neutralizing turns, and the other as the magnetizing ampere 
turns or magnetizing turns. 

Let T represent the total interpole turns for one interpole, 

Ti represent the total magnetizing interpole turns for one 
inter pole. 

T a represent the total effective “ armature turns per 

,, _ total eff. amp ere turns o f armature ^ 
p0 6 ~~ number poles X total current 

I represent the amperes per interpole coil. 

Then I Ti~I T-I T a , or, T=T a +Ti. 

Let g = effective air gap per interpole. 

J5 £ = flux density under the interpole, and 
Ei — e.m.L in an armature coil of turns T c due to the 
interpole flux. 

Then, 


D 3.19 I Ti 

B ‘ - 5 “ 

The e.m.f. due to one interpole is equal to 


Bi 7r D Li T$ Rs 

10 s 


Or, for two interpoles 


3.19 I T_j t D LiX2 T; Rs 
gX 10 s 
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This e.m.f. should be equal to the e.m.f. generated in the same 
coils by the armature flux, or Ei = E c . Therefore, 

SAQJTjjr DLiX2 T c R s I c W, T c R s r 
gX10 s ' ' 10 s 


[ci (L-LO 


2 Dp 

(0.25 £+0.5).(«• D-Pp) 


+c 2 X +• (0.9+0.035 N)+c. z L ( L33fZ + 0 - 7 ' 
p s 

+cz (L-LJ2.W Vn ] +c, Is_ 

In the second term of this equation I c W% = I X TV X 2 p, where 
7Y = total armature turns per pole, as distinguished from effec- 

T JB - T 

tive turns per pole T a , and TV = -—+-, where b = —as will 

1 — bp Wt 

be shown later under the subject of “ Effective Armature Am¬ 
pere Turns.” Therefore, neglecting magnetic bands on the core, 
the above expression becomes, 


rp _ _ Tap g _Tr V - %T*P 
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If the full number of interpoles is used, and each covers the 
full width of the armature, then L~Li = Q, and 


--r.[ 


1 + 


P g 

3.19 D Li (1 -b p) 


C2X 


4 D 


(0.9+0.035 N) 


+C 3 L 


(1.33 ds± 0.7) 
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Therefore the total interpole turns for one pole are equal to 
the effective armature turns per pole multiplied by a constant 
which is a function of the proportions of the machine. How¬ 
ever, this holds true only for the condition of no saturated path 
for the armature flux, such as magnetic bands. 

The above formula gives the interpole turns for two inter¬ 
poles acting on each armature coil. With but one interpole 
per coil the number of conductors per armature coil generating 
the interpole e.m.f. is halved so that the flux density must be at 
least doubled, and the effect of the armature flux in the inter- 
polar space over the other half of the armature coil must also be 
taken into account. This can be done in the preceding formula 
by using the equivalent value of L\. 

With half the number of interpoles the effective gap length, g, 
will not be the .same as w r ith the full number of interpoles with 
the same mechanical gap, for the flux from the interpole may be 
considered as returning across the gap of the two adjacent main 
poles and the value of g must be increased to represent the total 
resultant gap. 

Let ge represent the effective resultant gap, 

g m represent the effective gap under the main poles, 

A i represent the area of the interpole gap, and 
A m represent the area of one main pole gap. 

These areas can be derived from the field distribution or “ field 
form ” of the main and the interpoles. 

A • 

Then, the effective resultant gap g e — g+ gm , and this 
should be used instead of g. 

With half the number of interpoles and on the basis of the 
interpole flux returning through the two adjacent main poles, 
it may be assumed that this flux weakens the total flux in one 
pole and strengthens that of the other pole a like amount. If 
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there is no saturation in the main poles or armature teeth under 
them, then no additional ampere turns, other than for the 
increased gap, will be required on account of the main poles 
carrying the inter polar fluxes. However, where there is much 
saturation of the main poles or teeth, then additional interpole 
ampere turns will be required, as will be described later in con¬ 
nection with effects of saturation. 

Chord Windings with Inter poles. Chorded armature windings 
can be used with interpoles with satisfactory results provided 
the interpoles are suitably proportioned. There are apparently 
some advantages with such an arrangement, but there are also 
disadvantages of such a nature that it is questionable whether 
it is advisable to use chord windings with such machines, except 
possibly in special cases. When chorded windings are used with 
interpoles, the e.m.f. due to the armature flux is usually much 
smaller than with a pitch winding and thus fewer interpole 
magnetizing turns are required. Also, the effective armature 
turns which must be neutralized by the interpole are reduced 
somewhat, which also means a slight reduction in interpole 
turns. Against these advantages must be charged the disad¬ 
vantage of a wider interpole face. This in itself would not be 
objectionable where there is space for such wider pole face, but 
if the space between the main poles must be increased it may lead 
to sacrifice in the proportions of the main poles or changes in 
the general dimensions, such that the result as a whole is less 
economical than with a pitch winding. 

Effective Armature Ampere Turns. The term T a representing 
the effective armature ampere turns should be considered, as the 
value of this term is influenced by a number of conditions, such 
as the number of bars covered by the brush, the amount of 
chording in the armature winding, etc. With a full pitch wind¬ 
ing and neglecting the reduction in current in the short circuited 
coils, the magnetomotive force of the total armature winding 


is represented by the expression, 


IC Wt 
2 ’ 


and per pole it is, 


I TV 

—However, when the brush spans several coils, so that 

Z p 

a number of armature coils are short circuited at the same time, 
the average current in these short circuit coils should be con¬ 
siderably less than the normal value so that the effective ampere 
turns per pole is correspondingly reduced. Allowance must be 
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made for this reduction as it has considerable influence in de¬ 
termining the correct number of interpole turns. 

On the basis of no local currents, the average value of the 
current in the short circuited coils is just half that of the work 
currents per conductor. 

Let B represent the total number of commutator bars, 

jBi represent the number of bars spanned by the brush, 
pi represent number of current paths, and 
p number of poles. 

B T 

Then, —-— p- = total number of armature turns per pole, and 

PiP 


Bi Tc 

2 pi 


= number of turns by which the total armature turns per 


pole must be reduced to obtain the effective turns per pole, or, 


B T c _ Bt T c 
P pi 2 pi 




Bi Tc 

2 pi 


Let B iT c be represented as a percentage of W t , or Bi T c — b W‘ 

Th “’ r -“ TJTF t 1 -**) 


Ic Wt _ (IcpQ w t _ IWt /= Wt 

2 p 2 p Pi 2 p pi" a 2 ppi 


Therefore, T a ' = --. 

(1 —op) 

Chorded windings also have an influence on the effective arma¬ 
ture ampere turns per pole. When the winding is chorded one 
slot, for example, then, in one slot per pole, the upper and lower 
coils will be carrying current in opposite directions and their 
magnetizing effects will be neutralized. In consequence, the 
total effective armature ampere turns are correspondingly re. 
duced and this must be allowed for in determining the interpole 
turns. 
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Conditions Affecting Interpole Proportions. The foregoing 
formulas have been based upon the use of interpoles of such pro¬ 
portions that the interpole flux varies directly as the magnetizing 
current and its distribution over the commutating zone is such 
as will give the proper opposing e.m.f. at all times. 

However, the proportionality of flux to current can only be 
true as long as there is no saturation in the interpole magnetic 
circuit. Such saturation is liable to be found in practice and not 
infrequently it is quite a problem of design to avoid it within 
the working range of the machine. 

Also, another difficult problem lies in so designing the interpole 
face that the flux distribution in the commutating zone is such 
that its e.m.f. will properly balance the armature e.m.fs. in the 
short circuited coils, especially as the latter are generated by 
cutting fluxes which may be distributed in a quite different man¬ 
ner from the interpole flux. 



Shape and Proportion of Interpole Face . As already shown, 
the effective interpole flux under the pole face is the resultant 
of the total interpole magnetomotive force and the opposing 
armature magnetomotive force. As the armature winding is 
distributed over a surface and the interpole winding is of the 
polar or concentrated type, the resultant magnetomotive force 
would normally be such as would not tend to give a uniform flux 
distribution under the interpole unless the interpole face is 
properly shaped or proportioned for such distribution. The 
conditions may be illustrated in Fig. 21. In this figure the lines 
A A represent the armature magnetomotive force, with a full 
pitch winding, and the brush covering one commutator bar. 
The heavier part of the lines ah c at the. peak of the magneto¬ 
motive force diagram, represents the armature magnetomotive 
force which would be obtained under the interpole face, and also 
the flux distribution which would be obtained, with no interpole 
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magnetomotive force, and with uniform gap under the pole 
faces. In oj.)position is shown flic interpole magnetomotive* 
force and flux distributions def for corresponding conditions. 
The resultant magnetomotive* force is represented by g h /, and 
with a uniform gap under the pole, the resultant inierpole flux 
would have a similar distribution. Instead of this, either a 
flat or, in some eases, the reverse distribution is required, that 
is, with a slight “ hump M in the middle instead of a depression* 
By properly shaping the pole fare so as to give an increased air 
gap toward the edges, the flux distribution can be made practi¬ 
cally anything desired. In some eases a relatively narrow 
pole tip with a very large air gap will give a close approximation 
to the desired flux distribution. 

However, in practice the above distribution of t in* armature 
magnetomotive force is rarely found. The use of brushes 
which cover more than uric commutator bar serves to cut off 
or flatten out the pointed top of the armature magnetomotive 
fora*, diagram, as shown by the dotted line />\ in Fig. 21, and thus 
lessen the depression at the center of the resultant magneto¬ 
motive force distribution. 

As intimated before, this problem of proportioning tin* inter- 
pole face turns upon the determination of the armature e.m.fs. 
in the short circuited coils which have to In* balanced by the 
in ter pole. If the different armature c.m.fs. are determined for 
the whole period of commutation and then superimposed* the 
resultant e.m.f. indicates the flux distribution required under the 
interpole. Usually the c.m.fs. due to the end winding, and to 
the interpolar flux, if any, will be practically constant during, the 
whole period of commutation. If no local currents are present, 
the e.m.f. due to the slot flux will also be practically constant f 
although it may be slightly reduced near the beginning and end 
of the commutation period. The sum of these c.m.fs. should 
therefore be practically constant over the whole commutation 
period and therefore, in a well designed machine, the inter pole 
flux density should be practically constant over the whole 
commutation zone. As explained before, special shaping of the 
poles and pole face will be necessary, in most eases, to obtain 
exactly this proper flux distribution. Large interpole air gaps, 
are obviously advantageous in obtaining such distribution. In 
fact, a very small inierpole gap makes the determination of the 
proper interpole face dimensions very difficult in many eases. 
On account of the interpole usually covering less than two 
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armature teeth, the ordinarily accepted methods of determining 
the effective length of air gap under a pole will not apply, in 
many cases, which may lead to a slight error in the results. 
Practically the effective gap under the narrow interpole will 
usually be longer than determined by the ordinary methods. 
This partly explains the fact that, in some cases, an increase 
in mechanical clearance between the interpole face and the 
armature core does not require anything like a corresponding 
increase in the interpole magnetizing ampere turns. The effec¬ 
tive interpole air gap increases, but at a much less rate than the 
mechanical gap. 

The brush setting in relation to the interpole is of great im¬ 
portance. The point of maximum armature magnetomotive 
force is definitely fixed by the brush setting. With the interpole 
fixed in position, any shifting of the brushes backward or forward 
will obviously change the shape of the resultant magnetomotive 
force distribution under the interpole face and in consequence 
the flux distribution will be changed. With but one armature 
coil per slot and the brush covering but one commutator bar, 
good commutating conditions might be found over a considerable 
range of brush adjustment, by suitably varying the interpole 
ampere turns. However, with two or more coils per slot and 
with the brush short circuiting several bars, any marked change 
in the resultant interpole magnetomotive force and flux distribu¬ 
tion will mean improper commutation for some of the coils. 
Proper brush setting is therefore of first importance. 

It has been assumed in the foregoing treatment, that an exact 
balance between the interpole and armature e.m.fs. will give the 
best conditions. From certain standpoints, this is true, but in 
practice usually a slight excess in the interpole strength, or 
11 over-compensation ” of the interpole, as it is frequently called, 
is advantageous. Reference to Fig. 14 shows that in a machine 
without interpoles, and therefore without compensation, the 
current flowing between the brush contact and the commutator 
is crowded toward one brush edge, this being the edge at which 
the commutation of a coil is completed, that is, at the so-called 
forward brush edge. With over-compensation the opposite 
effect occurs—that is, the brush current density is below the 
average at the forward edge. This is, to a certain extent, a de¬ 
sirable condition. Also, if there is any saturation of the inter¬ 
pole circuit at overloads, the over excitation of the interpole 
winding can take care of the saturation ampere turns, so that 
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normal eompensation ran In* obtained at considerably higher load 
than in a machine with m> over compensation, Fuithermore, 
over compensation is desirable on account of the effect of the 
resistance* of the coils undergoing eommutat ion, which heretofore 
has been neglected as briny of minor importance. Such re¬ 
sistance tends to lower the current density at the middle of the 
brush contact, and increase it toward the brush edges. Over 
compensation will oppose* this at the forward edge, but increase* it 
at the back edge, which is less objectionable. Also, as shown in 
Pig. 21, there is liable to be a depression at the* center of the 
interpole flux distribution, if the pole face is not properly 
shaped. This depression tends to cause higher current densities 
at the brush edges. Over ewtnpensation again tends to reduce 
this density at the forward brush edye. Thus there are several 
yood reasons for slight over eompensation. and practical opera¬ 
tion bears this out, especially on hiyh vohaye machines, when* 
the short circuit c.m.fs. average higher than in other machines. 

Balanced Circuits. It has been assumed that the armature 
ampere turns per pole have been the same for all poles. This 
will be trite for the usual two circuit or series type of windiny, 
or its allied combinations, but is not. necessarily true of the 
parallel type of armature windiny. In such a windiny a number 
of circuits are connected in parallel at the brushes, and, unless 
ample provision be made for equalizing the different circuits, 
they may not carry equal currents at all times. As the re¬ 
sultant interpole flux and e.m.f. is directly dependent upon the 
opposing armature ampere turns, it is obvious that any ine¬ 
qualities in the armature currents would lead at once fo incorrect 
interpole conditions. A poorly equalized parallel wound arma¬ 
ture might furnish conditions such that, the interpoles cannot be 
adjusted for satisfactory operation. Also paralleling of the 
interpole windings, unless care be taken to insure equal current 
division among the circuits, is liable to lead to trouble. 

Saturation oj the Intercede (Circuit, Heretofore the interpole 
turns T, as determined, have been only those required for forcing 
the resultant interpole flux across the effective in ter pole air gain 
and nothing has been allowed for any turns required for magnet » 
izing the parts of the interpole circuit other than the yap, 
Where such additional turns are required they must he added to 
the turns T, already determined. 

Saturation in the in ter pole magnetic path is the principle 
cause for such additional turns, but saturation in the various 
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flux paths may occur in such a way as to be either harmful or 
beneficial, depending upon where it is located. Beneficial 
saturation may be assumed to be such as will reduce the arma¬ 
ture short circuit e.m.fs., while harmful saturation tends to re¬ 
duce the interpole e.m.f. 

While the useful interpole flux passing into the armature may 
be relatively low—say one-fifth that required for saturation of 
the interpole material—the leakage flux between the interpole 
and the two adjacent main poles is often very much greater 
than the useful flux so that the interpole at the part where it 
carries the highest total flux may be worked up to possibly half 
saturation, or higher, with normal load on the machine. The 
interpole leakage flux is due to the total ampere turns on the inter - 
pole , while the useful interpole flux is due only to the magne¬ 
tizing component of the interpole ampere turns, which may be 
as low as 15 per cent to 25 per cent of the total interpole ampere 
turns. The leakage flux is thus liable to be a high percentage 
of the total interpole flux. 

While the ampere turns on the interpole will rise in direct 
proportion to the current, the effective magnetizing component 
will rise in direct proportion only below saturation of the inter¬ 
pole circuit. Any ampere turns required for saturating this 
circuit will be taken from the magnetizing component of the 
interpole winding. Therefore, when any appreciable saturation 
occurs, the effective magnetizing component will not vary in 
proportion to the current, and the interpole e.m.f. will not vary 
in proportion to the armature e.m.fs. As the magnetizing com¬ 
ponent of the interpole winding usually represents a relatively 
small number of ampere turns per pole a comparatively slight 
saturation in the interpole circuit may have an appreciable effect. 
It is therefore advisable to work at as low a saturation as possible 
in the interpole circuit so that practically no saturation occurs 
within the ordinary working range of the machine. 

Where saturation occurs in any of the armature flux paths, 
as, for instance, with saturated bands over the armature core, 
the result of such saturation will serve to neutralize the effect 
of saturation in the interpole magnetic circuit. In other words, 
the armature e.m.f. will not rise in proportion to the current 
and therefore the opposing interpole e.m.f. does not need to 
increase in proportion either. 

The principal source of saturation in the interpole circuit lies 
in the magnetic leakage from the interpole to the adjacent main 
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poles. Serious trouble has often been encountered by not 
making due allowance for such leakage. 1 lowever, there may 
l)e other eauses for saturation. When the full number of inter- 
poles is used the interpole magnetic* path or eireuit is independent 
of the. main pole; magnetie eireuit, except in the yoke and in 
the armature core below tlie slots, as indicated in Fig, 22. 
In the yoke it, may be seen that tin* interpole flux is in the same 
direction as the main (lux at one side of the main pule and is in 
opposition to the main flux at the other side. I he same is true 
in the armature core. Therefore the interpolar flux tends to 
reduce the flux in one part # of the yoke and tends to increased, in 
the other part. If the saturation in these parts is relatively low, 
then the magnetomotive foree required for forcing the low and 
the high, (luxes through the yoke will be but lit tie greater than if 
these fluxes were equal. However, it the yoke is highly saturated 
the increase in ampere turns required for the high part, much 
more than offset, the decrease in ampere turns for the low part., 
so that, as a result, additional am¬ 
pere turns are required for sending j 
the in ter pole flux through, this path. 

The in ter pole ampere turns there! ore 
must be increased on this account, {. 

when the saturatem is high. The same 
condition holds for the armature core. 

A similar condition occurs where half the number of in ter poles 
is used and when there is much saturation of the main pole and 
the armature teeth under it, as already referred to. This con¬ 
dition requires additional interpole ampere turns. 

In practice, with the ordinary compact designs of direct cur¬ 
rent machines, it is usually difficult to keep the total intcrpole 
flux as low as one-third, that which gives any material saturation 
and, not infrequently, it is much higher than tins. Therefore, 
by direct proportion it. might be assumed that such machines 
could carry only double to treble load without sparking badly. 
However, the resistance of the brushes, etc., will be* of such as¬ 
sistance that relatively higher loads may he commutated rea¬ 
sonably well. For instance, with the intcrpole worked at about 
half saturation at normal load, the machine may Ik* aide to 
commutate considerably more than double load without undue 
sparking. It is also of material assistance, where heavy over¬ 
loads are to be carried, to over-exeite the intcrpole winding, 
that is, to make the magnetizing component somewhat greater 
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than required at normal load, as described before. In this case, 
at light loads, the interpole e.m.f. exceeds the armature e.m.f. 
a certain amount which is taken care of by the brush resistance 
as local currents will be less harmful when the work current is 
low. As partial saturation is obtained at overload, the two 
e.m.fs. become equal but at a higher load than would be the case 
without over-excitation of the interpolq. 

Commutating Conditions on Short Circuit. When a direct 
current generator is short circuited across its terminals, either 
through a low external resistance or without such resistance, a 
current rush will occur which will rise to a value represented 
approximately by the generated e.m.f. divided by the resistance 
in circuit. This current rush is only of short duration as the 
excessive armature current will react to demagnetize or “ kill ” 
the field. If the short circuit is without external resistance the 
current rush may reach an enormous value as the internal re¬ 
sistance on large machines is usually very low. This means that 
currents from 25 to 40 times full load may be obtained on “ dead ” 
short circuit. Experience shows that under such current rushes, 
any kind of direct current machine will tend to flash viciously at 
the brushes. 

By the preceding theory and analysis a rough approximation 
to the commutating conditions on short circuit can readily be 
obtained. Assuming an interpole machine, the following con¬ 
ditions will be found: 

1. The interpole will be highly saturated so that it is of little 
or no direct benefit. 

2. The slot flux will rise to such a value that the armature 
teeth in the commutating zone are practically saturated. 

3. There may be some interpolar flux from the armature, as the 
high interpole saturation may allow this. 

4. The armature end flux, with the exception of that part due 
to magnetic bands, will rise practically in proportion to the 
current. 

The following short circuit e.m.f. conditions will be obtained: 

1. There will be possibly a slight e.m.f. due to the armature 
interpolar flux. 

2. There will be an e.m.f. due to the tooth flux which is almost 
as high, per conductor, as could be obtained by a conductor 
cutting the flux under the main field at no load , for saturation of 
the armature teeth may be assumed to be the limit in both cases. 

3. There will be an e.m.f. due to the end flux which may be 
10 to 20 times larger than at normal full load. 
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Therefore, the total e.m.f. in the short circuited coil due to 
cutting the armature flux on dead short circuit may be higher 
than would be obtained if the brushes were shifted at no load until 
the commutated coil lies under the strongest part of the main field. 

As very few machines of large capacity would stand this 
latter condition without flashing, it may be assumed that they 
would be no more able to stand a dead short circuit without 
flashing. In fact, 8 to 10 times full load current will make an 
interpolar machine of normally good design flash badly, as it is 
impracticable to make an interpole of the usual type which will 
not saturate highly at 8 to 10 times normal current. 

If, however, the interpole is combined with compensating 
windings in the main poles, the interpole leakage may be made 
so small that comparatively low saturation is obtained normally 
in the interpole circuit. In such case the interpole may be effec¬ 
tive with heavier currents and the flashing load may be very 
much higher than with the usual type of interpole machines. 

Conclusion 

The foregoing is a general presentation of the problem of 
* commutation, which is admittedly crude and incomplete in some 
points. In particular may be mentioned the part describing 
the action of local currents. Also, the method of considering 
the resultant action in interpole machines as the superposition 
of two components does not tell the whole story, but the actual 
analysis, in detail, of a number of these phenomena would be so 
confusing and complicated that a general physical conception 
of what takes place during commutation would be lost. In the 
ultimate analysis it will be found that a number of the methods 
described are, in reality, simply illustrations of the conditions 
of commutation rather than an analysis of the conditions them¬ 
selves. However, the method as given throws light on many 
things which take place during commutation. It also includes 
a number of conditions which are not covered in the usual 
methods of dealing with this problem. For example, the number 
of commutator bars spanned by the brush is an important ele¬ 
ment in this method of handling the problem, whereas, in many 
former methods, this point was either omitted, or treated in an 
empirical manner. In this method the results obtained would be 
very greatly in error if the brush span were not included. 

Any theory or method*of calculation is open to question until 
ti has stood the proof of actual test. In consequence, the above 
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method has been tried on a very large number of direct current 
machines, including high speed direct current generators, 
direct current turbo-generators, direct current railway motors of 
all sizes, moderate- and low-speed generators of all capacities, 
industrial motors of various designs including adjustable speed 
motors and machines with half the number of interpoles. In 
those cases where the actual test data of the machines was very 
accurately obtained, the agreement between the tests and the 
calculated results by the above method was found to be close. 
In fact, the method in some cases indicated errors or inaccuracies 
in the test results. In a number of cases of early interpole 
machines there was considerable disagreement between the 
results of the calculation and the actual test, but, in many of 
these cases, later experience showed definitely that the proper 
interpole field strength or proportions had not been obtained 
in the actual test or that the proper brush settiig had not been 
used. These cases were thus, to a certain extent, a verification 
of the method, for in general the greatest discrepancies between 
the calculated and the test results corresponded to the ma¬ 
chines which eventually proved to have the poorest proportions 
or adjustment. 

This theory of commutation looks complicated and cumber¬ 
some in its practical application, but it should be understood 
that it is, in reality, an exposition of a general method from 
which special and simpler methods may be derived for different 
types and designs of machines. It indicates plainly that the 
problem is so complicated that no simple formulae or methods of 
calculation can be devised which will cover more than individual 
cases, and that such formulae, if applied generally, wall lead 
to error sooner or later. If, however, the general derivation 
of such simplified formulae is well understood, then they may 
be used with proper judgment and with much less danger of 
error in the results. It is evident, from the general analysis, that 
the whole problem must be handled with judgment, for new or 
different conditions are encountered in almost every type of 
machine. 

A great many problems, closely allied to that of commutation 
in interpole machines, have not been considered, because some 
of them represent special cases of the general theory, while 
others are somewhat outside the subject of this paper. Of the 
former class may be mentioned, commutation of synchronous 
converters, machines with distributed or true compensating 
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windings, tin* so-called " split-pole *' converter, and the. commu¬ 
tator type alternating runvnt motors, etc, In tin* latter class 
may he included such problems as the etVeei on commutation of 
(dosed circuits around .the inlerpulos, hisses due to commutation, 
current distribution at the brush contact, etc. Some of these 
subjects were included in this paper as originally ptvpan.nl, but 
on account of its undue length they had to be omitted. 
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Discussion on “ A Theory of Commutation and Its Applica¬ 
tion to Interpole Machines/’ New York, October 
13, 1911. 

H. F. T. Erben: When I learned that Mr. Lamme had 
written a paper on the subject of commutation I was in hopes 
that at last we would see an exposition on the subject from which 
would be absent the familiar “ K ” which is found in all formulae 
so far developed by various writers. I find however, that the 
“ K ” is still freely used and that Mr. Lamme has been unable 
to develop formula which brings the subject of commutation 
down to what we might call an exact science. I do not wish to 
disparage Mr. Lamme’s ability to produce such formulae I 
firmly believe that there are so many variables, both of the me¬ 
chanical and electrical nature, entering into the subject of com¬ 
mutation that the derivation of a formula without constants is 
simply an impossibility. I think we will have to remain content 
with formulae of a skeleton nature, upon which the designer 
will build the finished product. I think that the merit of Mr. 
Lamme’s paper lies in the method in which the subject matter 
is presented, rather than any new or fundamental ideas. 

Of the three fluxes which Mr. Lamme considers, the first two 
have always been thoroughly considered in making our calcula¬ 
tions. I have not studied the paper sufficiently to get a clear 
idea of what Mr. Lamme terms the “ slot flux I think, 
however, that what he terms the “ slot flux ” is identical with 
what other authors .have termed “ flux set up by the coils 
undergoing commutation The fact that the formula which 
Mr. Lamme uses for determining the e.m.f. due to slot flux is 
very similar to that used by other designers, confirms this 
opinion. 

In the latter part of Mr. Lamme’s paper he states that up to 
the present, little has been done in the way of determining the 
maximum overload capacity of machines at the time of short 
circuits. A little over a year ago we carried out a long series 
of tests on machines of the commutating pole type and com¬ 
pensated type with a view to determining the maximum momen¬ 
tary overload which could be carried without flashing over. 
The result of these tests show that an overload of 10 to 12 times 
normal, will cause a complete flash over and that momentary 
overloads of seven or eight- normal, will cause very severe 
sparking and flashing around the brush holders but the machine 
is not liable to completely flash over. The compensating wind¬ 
ing permits a machine to carry a somewhat heavier momentary 
overload but the gain is not very great. Oscillograph records 
taken at the time of short circuits show that in the _ case of a 
compensated machine there is less field distortion than if commu¬ 
tating poles alone are used and in consequence a machine fitted 
with compensated winding will carry a somewhat greater maxi¬ 
mum load before the flashing over point is reached. 
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IPiioiographs taken at the moment of short circuits show that 
a considerable amount of gas or vapor is generated, due to the 
brushes and commutator copper being momentarily heated 
to incandescence. This gas being of high conductivity permits 
the establishment of an arc between the brush and the commu¬ 
tator segments. 


The formation of gas as effecting flashing is clearly shown 
by the fact that if half the brushes are removed from the com¬ 
mutator the machine will flash over at a lower current value than 
if the full set of brushes are present. 

We are all very much indebted to Mr. Lamme for this paper 
as he has presented the subject of commutation in rather a new 
light and has thereby stimulated general interest in a subject 
which has of late years, been neglected by those presenting* 
papers before general technical societies. I hope that this 
paper will serve the purpose of inducing other members to pre¬ 
sent their views on this most difficult and complex subject 
. Geo. L. Hoxie: The way in which Mr. Lamme has put together 
his qualitative description of what goes on in a machine seems to 
me to be open to some criticism. The point I wish to make is that 
you cannot consider magnetic fluxes separately, each as beino* a 
flux due to a particular m.m.f. taken alone, and then add up these 
component fluxes and get the resultant flux. That is to say 
\ou cannot do this where you have magnetic material in your 
magnetic circuit, and especially where some parts of the mag¬ 
netic circuit are saturated, as will usually be the case. 

n a direct current generator we have at no load a more or 
less uniform flux under the pole faces, a very dense flux through 
the aimature teeth, etc., all due to the field currents. With 
load, armature currents superimpose their m.m.f. upon the 
m.m.f. of the field and the resultant m.m.f. produces a resultant 
vy 1 *^ Wal( las a rule is not at all the geometric sum of the fluxes 
that would be due to each m.m.f. taken separately. This is the 
very result that electrical machinery designers found it neces- 
£? stAve for from the beginning, and they usually expressed 
the thing by saying that the distortion of field flux due to arma¬ 
ture reaction was largely minimized by a strong field, liberal 
an* gap, and by saturation, in pole tips, pole faces, and armature 
teeth, in the very early machine it was not uncommon to have 
the magnetism m one set of pole tips reversed by armature 
reaction. Such a state' of affairs meant a tremendous field dis¬ 
tortion, and brought with it very bad commutation. 

ft LZ° n } d * ssue with Mr. Lamme on the proposition that 
held distortion has nothing to do with the problem of commuta¬ 
tion. As I understand the problem of commutation it is ideally 
desirable that during the time a coil is short-circuited by a 
brush the coil should have generated within itself an e m f 
that r the Particular coil carried a moment 
AvaLfi Alsc \ that tlle e-m.f. of the short-circuited coil should be 
exactly enough to stop the old current in the coil, start a current 
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in the opposite direction, and bring this new current up to the 
exact number of amperes that are flowing in the coils next be¬ 
yond. If all of this occurs exactly during the time that the coil 
is short-circuited, ideal commutation will result. If the brushes 
be given no lead, zero e.m.f. is generated at no load in the short- 
circuited coil. . The correct lead used to be found by experiment. 
Then as load increased, the field distorted, and a new commu¬ 
tating position was found, also by experiment. With the intro¬ 
duction of carbon brushes, and saturated magnetic circuits, 
machines were produced that did not require a constant shifting 
of brushes to follow up the distorted field. This was largely 
because only a little distortion occurred. 

Now we come to interpole machines, which are rather a new 
thing. In these machines the effort is made to set up a m.m.f. 
proportional to the armature m.m.f., and either equal to, or a 
little greater than, the armature m.m.f. This means practically 
an effort to balance, or neutralize, armature reaction, at least so 
far as concerns the field through the coils being commutated. 
It is found that neutralizing armature reaction in this manner 
produces very excellent commutating results, and the interpole 
machines are getting quite popular. 

I do not intend to discuss interpole machines but I do want 
to say that about 21 or 22 years ago Professor H. J. Ryan de¬ 
signed and. patented a pole-face winding, so called, which was 
simply a distributed interpole winding, or was a series winding 
distributed in the pole faces just outside the armature, having 
ampere turns equal and opposite to the armature ampere turns. 
Those machines also commutated excellently. I have always 
believed, and I still believe, that had the Ryan patents been 
owned by one of the big companies instead of by a rather small 
concern we should have seen direct current development proceed 
upon.quite different lines. Probably these patents have expired 
by this time, and possibly they would cover the interpole machine 
if still in force. 

Perhaps we shall yet see the pole face winding, or some modifi¬ 
cation of it, such as I take the interpole to be, come into wide use. 
It will certainly pay students of direct current machine design, 
and of commutating problems, to look carefully into this early 
work of Professor Ryan's. 

H. M. Hobart: In listening to this very interesting abstract 
by Mr. Lamme.it occurred to me what a capital thing it would be 
if the International Electro-Technical Commission could stand¬ 
ardize some. commutation criterion. Each of us has a theory 
of commutation and each believes that his own theory serves the 
case admirably; but we have great difficulty in interchanging 
views. We all speak the same mother tongue, and yet never¬ 
theless language differences exist which make it quite difficult to 
follow another's exposition of the subject. Now, I have felt 
this in reading Mr. Lamme’s paper. Already at the first reading 
I could see that a great deal of valuable information was con- 
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tained in the paper, and yet it took a lot of study on my part 
before I began to grasp the full significance of Mr. Lamme’s 
point of view, and as my study of the paper progressed, I found 
that the differences between the way we are often in the habit 
of looking at it and the way in which I saw Mr. Lamme re¬ 
garded it, gradually decreased until it seems to me it is largerly 
a matter of expression. I have usually obtained pretty good 
results from considering the voltages in the short circuited coils 
as arising largely from various components and it has only seemed 
worth while to take the two principal of these components into 
account. Mr. Lamme speaks of a component voltage asso¬ 
ciated with slot fluxes and a component voltage associated with 
end winding fluxes. In addition to these he lays a great deal of 
stress on a third component, that associated with the inter- 
polar flux. 

It is difficult to deal with this third component in any except 
one of the three cases which naturally present themselves. 
There is, first, the interpole machine; then secondly there is the 
non-interpole machine in which you advance the brushes a little 
to overcome sparking, and thirdly there is the non-interpole 
machine operated with the brushes in the geometrical neutral 
position. As to the first of these types, the armature m.m.f. 
which would (were no interpoles present) set up the interpolar 
flux, is overcompensated by the m.m.f. of the winding on the 
interpole. As to the second type, I agree with the previous 
speaker that Mr. Lamme’s method of treatment is faulty, since 
he combines fluxes instead of adhering to the combination and 
resolution of m.m.fs. It seems to me hopeless to tackle the 
problem in this incorrect manner. But in the third type, the 
difficulty largely vanishes. We there have an arrangement in 
which the armature m.m.f. is alone of any account in the position 
midway between pole tips because the main field fluxes are sym¬ 
metrically disposed with reference to the resultant armature m.m.f. 
The difficulties met with in determining the interpolar flux in this 
third type relate mainly to the estimation of the reluctance of the 
Path followed by that flux from the center lines on the armature 
periphery until the flux finds a landing place in the main mag¬ 
netic circuit. For my part, I never had the temerity to attempt 
to calculate that flux. I think Mr. Lamme is entitled to credit 
tor his courage in undertaking the job. In the abstract which he 
gave us Mr. Lamme states that we need a different formula for 
calculating the interpolar flux for each different type of mag¬ 
netic circuit. 

. ^ ra ^ er ( anticipate that there will be considerable difficulty 
m calculating that flux. Nevertheless, it is well worth trying, 
i wish that Mr. Lamme had given quantitative figures of repre¬ 
sentative machines, setting forth the amount of each of these 
of , the sparking voltage. I am very inter¬ 
ested m Mr. Lamme’s statement that in a certain design this 
third component was greater than the sum of the other two 
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chines with the same armature strength and the same number of 
poles ? this third component may for armatures with one turn 
per commutator segment, be expressed as a function of the 
product of the gross core length (Xg) and the speed in revolu¬ 
tions per minute (R). It is interesting to compare this result for 
Mr. Lamme’s additional component with a result in my article 
published on page 6 of The Electrician for April 20, 1906, and 
which is further developed on page 336 of Hobart and Ellis’ 
High Speed Dynamo Electric Machinery ”, from which I 
abstract the following portions of an extensive table for facili¬ 
tating estimations of the reactance voltage: 



ampere-turns -Reactance voltage = K X A g X R for the numbers of 

per poxe poles set forth at the heads of the vertical columns 



4 

8 

16 

SGQG 

0.000256 

0.000512 

0.001024 

4000 

0.00012S 

0.000256 

0.000512 

2000 

0.000064 

0.000128 

0.000256 


From the above table it is seen that I have resolved the first 
two components (slot and end connection components) down to 
a simple form to which the interpolar ” component can also be 

reduced. Nevertheless, it would appear to be desirable to keep 

m mind that the result is a combination of three important com¬ 
ponents instead of comprising only two components. 

■ . ^ e m ust always remember that electromagnetic considera¬ 
tions are by no means the only ones affecting commutation. 
Various mechanical conditions may be and often are of pre¬ 
dominating importance. These are often not susceptible of 
quantitative predetermination. Thus who can calculate the 
extent of the improvement in commutation which will attend 
grooving out the mica between segments, or the use of a grade 
of brushes of different composition and construction, or the sub¬ 
stitution of a different type of brush holder, or a low peripheral 
speed of the commutator? We know that we can often very 
greatly improve commutation by attention to these points and 
that we may then safely employ higher reactance voltage and 
higher average and maximum voltage between commutator 
segments but we can rarely make quantitative statements of 
the extent to which we shall obtain advantages by these means 

Malcom MacLaren: The method of treating'the theorybf 
commutation propo^d by Mr. Lamme throws a great deal of 
bb upon this very complex problem, and should allow a clear 
nan bis to be made in many special cases where the problem 
had Previousiy appeared hopelessly involved. 

Ihe formulae which he derives appear at first sight rather 
formidabie, but, as he explains, these can be materially simplified 
when applied to a single class of machines. For example for 
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four-pole machines with the poles covering f of the armature 
circumference the expression for E c becomes: 


U.7I c W t T c RsL 

10 8 


A somewhat closer approximation can be made for four-pole 
machines by substituting 82 for 90 in the value of b and sub- 

... 7 r I) £ P . 

stitutmg ^2 tor m the expression for a. These changes 

would simply alter the constant in the above expression for E c 
and make this 16.8 instead of 14.7. For any greater number of 
poles the approximations which have been made in the general 
solution are very close. A further modification might be 
introduced however, to take care of the effect of armature slots, 
for the expression given in the general formula shows the e.m.f. 
which would be produced in the coil under commutation due to 
the interpolar flux, if this coil were on the surface of the armature. 
This correction would of course be slight except in the case of 
comparatively small diameters- and deep slots. 

It is interesting to note that this method of treatment shows 
clearly that a full pitch winding commutates under better con¬ 
ditions as regards the interpolar flux than a chorded winding. 
This effect, however, is not large even with considerable chording 
when account is taken of the neutralization of the armature 
conductors in the chorded zone. For example, with the pole 
covering f the polar pitch and with chording f of the interpolar 
space the effective ampere turns will be 5/6 of tjio ampere turns 
with full pitch winding. The length of path from the coil under 
commutation to the nearest pole will be \ the length of path for 
the pitch winding j^d the length of path to the more distant 
pole will be 1J times this distance, so that the mean effective 
path for the chord winding will be J of the path for the pitch and 
the strength of field will be 5/6 X 4/3 or 10 per cent higher than 
the field with pitch winding. 

The effect of chording upon the slot flux as given in the paper 
on the basis of the brush spanning one commutator bar is ap¬ 
parently greater than experience with actual machines would 
suggest. Mr. Lamme’s analysis clearly shows that a number of 
factors .enter into the determination of the effect of chording 
upon commutation some of which tend to neutralize each other, 
but it would seem as though sparking at the commutator w^ould 
be more a function of the maximum rate of cutting of the slot 
flux than the average, which Mr. Lamme has used. 

Applying the formula, given by Mr. Lamme, to a number of 
non-interpole machines for which the commutating charac¬ 
teristics were known, it was interesting to note the relative im¬ 
portance of the various elements contributing to the e.m.f. 
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produced in the short circuited coil. All of the machines in¬ 
vestigated had long poles similar to Fig. 3, so that the expression 
for the interpolar flux in the formula could be used without change. 
As comparative figures only were desired, the brushes were con¬ 
sidered as spanning one commutator bar and were set on the geo¬ 
metric neutral. It was found that for a whole line of slow speed 
generators the e.m.f. due to the end winding flux remained sur¬ 
prisingly constant at about | volt; but for certain high speed 
machines this value was nearly doubled. The e.m.f. due to the 
interpolar flux was relatively unimportant in many cases, but 
for several large generators this became the predominating 
factor; in the case of a 1500-kw, high speed generator the e.m.f. 
due to the interpolar flux was 2.8 volts, to the end winding flux 
0.9 volt and the slot flux 1.3 volts. 

C. A. Adams: Mr. Lamme deserves great credit for the care¬ 
ful and conscientious manner in which he has attacked this ever- 
new problem of commutation. He has considered several 
points ordinarily neglected, and has presented the whole subject 
in. such a way as to assist greatly in visualizing a very com¬ 
plicated set of phenomena. The subject is one which in most of 
its phases does not admit of a very satisfactory oral discussion, 
since it requires too close an analysis. I should like however 
to say a few words about the characteristic feature of the present 
paper, the feature which chiefly distinguishes it from most others 
on the same subject; it is the assumption that the total e.m.f. 
induced in a short-circuited coil is induced by the mechanical 
movement of the coil in question through certain stationary 
fluxes. 


In the more familiar form of analysis a part of this e.m.f. is 
calculated as if. induced by the change in magnitude of the flux 
linked with and moving with the coil in question, said flux being 
due and proportional to the current in the coil. When more 
than one coil are undergoing commutatio^hthe same time, this 
method demands the consideration of the e.m.f. induced in each 
coil by the change of current in each of the others, i.e., the con- 
sideration of the mutually-induced as well as the self-induced 
e.m.t. This necessity seriously complicates the problem in the 
general case, and it was doubtless a desire to avoid this complica¬ 
tion that led Mr. Lamme to his present method. The question 
I wish to raise as to the legitimacy of this method, may be most 
readily answered by a consideration of the location and magni- 
tude of the various m.m.fs. which go to produce the resultant 
P e commutation zone. If these m.m.fs. are stationary 
as a whole, and if the local magnetic circuit is stationary, then will 
the resulting magnetic flux he stationary. 

1 u 6 t0ta ! m -m-f- into three parts: first, the field m.m.f. 
which is obviously stationary; second, the main part of the" 
armature m.mi. (exclusive of the current in the commutating 
^T e ' ’ + alS0 stationary as a whole; and finally the m.m.f. due to the 
current in the commutation zone, i.e., the current in the coils 
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undergoing short-circuit by the brushes. In order, for the 
present, to eliminate the question of variable local reluctance, 
assume a smooth core armature. Assume also a full pitch wind- 
ing. Then, the only possible source of a non-stationary flux is 
a non-stationary m.m.f. due to the current in the commutation 
zone. 

Consider the current distribution around the periphery of the 
armature in the vicinity of the commutation zone. In Fig. 1, 
B C= +/ repre sen ts the current in each coil as it approaches 
the brush, and A D— —I represents the current in each coil as 
it leaves the brush; the ordinates of the line C D representing the 
time variation of current in each coil during the commutation 
period, on the assumption of perfect commutation. If there are 
many segments under the brush and many coils undergoing com¬ 
mutation at the same time, the line C f C D D* will represent 
the approximate peripheral distribution of current in the vicinity 
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of the commutation zone at any instant; i.e., each ordinate of this 
line represents the current in the coil located at that part of the 
periphery at the instant considered. With any possible number 
of segments under the brush, each coil will occupy an appreciable 
part of the zone-width and the peripheral current density will 
obviously be constant over the coil width. If it were possible 
to have 16 segments under the brush, the instantaneous current 
lstnbution for the case of perfect commutation would be shown 
by the pair of stairs in Fig 2, where i lt i 2 , i 3 , etc., are the currents 
m the several cods located at b h b 2 , b 3 , etc. For the case of de¬ 
layed commutation, shown by the time current curve C O' D 
K7r e i 1 fi St f ntan f° US S ? ac ?;distribution of current would be shown 
by 16 steps of e qua l width but of varying height, superimposed 

are^fp-bT 6 A Si tle consideration will show that there 

are slight pulsations m either of these distributions as each coil 
moves over the width of one step, e.g., from b, to b 2 , and that these 
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pulsations are less, the larger the number of segments under the 
brush. In other words, for a large number of segments under 
the brush, the current and m.m.f. distribution are practically 
constant. Thus in this case of many segments, the e.m.f. com¬ 
puted on the assumption of a stationary flux (the method being 
accurately applied) will be exactly the same as that computed 
on the assumption that there is a self-inductive flux carried 
along by the current. In the case of a few segments however, 
the difference is not negligible; e.g., consider the case where the 
segment width and the brush width are equal. The same as¬ 
sumptions as before are made as to smooth-core armature, full 
pitch winding, and perfect or straight-line commutation. Then 
when the coil under the brush has progressed § of the way across 
the commutation zone, the current in the coil, and the peripheral 
current density over that portion of the armature occupied by 



Fig. 2 


the coil in question, will have dropped to f of their full pre- 
commutation value. The distribution of current density in the 
a icinity of the commutation zone will then be shown by the lines 
marked 1 in Fig. 3. When the coil has progressed 2/8 of the way 
across the zone, the distribution of current density will be shown 
b\ the lines marked 2 and so on. If the commutation is not 
a ccordi ng to the straight line C D , but according to the curve 
CO D , then will the heig ht of ea ch step be determined by the 
corresponding ordinate of C & D rather than of CD? In any 
case it is obvious that with only one coil under the brush, and to 
a lesser degree with two or three, there is a very considerable 
pulsation of the m.m.f. distribution in the vicinity of the com¬ 
mutation zone. It is thus no longer legitimate from the the¬ 
oretical point of view to assume a stationary flux distribution, 
but more accurate to deal with that part of the armature m.m.f. 
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comprised within the commutation zone as producing a local 
nux which moves with the'armature and varies as the moving 
current varies. This point of view is still more obviously con¬ 
sistent with facts when it is remembered that in practically 
all commercial machines the armature core is toothed and that 
therefore the local magnetic circuit moves with the current. 
lx., the. reluctance of the local self-inductive magnetic path 
linked with a group of conductors in a given slot is constant when 
considered as moving with the conductors, but the reluctance of 
a local path at any point (stationary with respect to the field 
poles) of the commutation zone is not constant, but varies as 
the teeth and slots pass by. 

Most of the. common simple formulae for commutation reac¬ 
tance e.m.f., give only the approximate average value, assuming 
perfect commutation, and do not take account of the variation 



of the. reactance e.m.f. during the commutation cycle. The 
averaging in.this method is equivalent to the assumption of sta- 
tionary flux in Mr..Lamme’s method; i.e ., neither takes account 
oi the local pulsations of flux and of the corresponding induced 
e.m.fs. ^ It is on this account that the principal terms in Mr. 
Lamme s equations are so familiar. The real essential difference 
between the common formulae and those of the present paper is 
^k&t the latter include a number of factors ordinarily neglected. 

Mr. Lamme states as evidence of the accuracy and legitimacy 
of his method, that the results check with the experimental 
results of tests which give the potential curve under the brush’ 
but it should be remembered that an ordinate of one of these 
curves is obtained by connecting a direct current voltmeter 
across, the contact surface at the.point in question, and is there- 
iore the average value, of the potential drop, not showing the 
pulsations. & 
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Thus neither Mr. Lamme’s method nor the reactance voltage 
method as ordinarily applied, takes account of the pulsations 
above described. To do this requires a much more thorough 
analysis, such as that which Professor Arnold gives in his classical 
work, “ Die Gleichstrommaschine 

But there is still another source of flux pulsations and induced 
e.m.fs. besides that due to the pulsations of m.m.f. in the com¬ 
mutation zone and to the pulsations of local reluctance in the 
same region; it is the pulsations of the reluctance of the main 
magnetic circuit linking with the coil undergoing commutation, 
due to the varying number of teeth under the main field poles. 
E.g ., suppose that the equivalent pole arc is 10J times the tooth 
pitch; then in one position there will be eleven teeth under one 
pole, and in another position only 10, with an approximate change 
of reluctance of something less than 10 per cent. If the same 
change takes place under adjacent poles at the same time this 
will mean pulsations of the main flux, which while much less 
than 10 per cent owing to the damping effect of the field coils, is 
nevertheless of sufficient magnitude to induce a considerable 
e.m.f. in the short-circuited coil. Increasing the number of slots, 
increasing the length of the gap, chamfering the pole faces, a 
proper choice of the ratio of the equivalent pole arc to the tooth 
pitch, or any arrangement which brings the maximum reluctance 
under one pole at the same time with the minimum reluctance 
under the adjacent poles, -will obviously reduce these pulsations, 
which though not large on well designed machines, frequently 
account for otherwise unexplainable eccentricities of commuta¬ 
tion. 

I was very glad to hear Mr. Lamme agree that with the brushes 
in the geometrical neutral, the degree of distortion per se, has 
nothing to do with commutation. Since the coil is in the field- 
neutral, the only e.m.f. is due to the armature flux, which is 
practically independent of the air gap. With a short air gap 
there is much greater distortion but no greater flux in the field- 
neutral zone for a given armature current, and no greater in¬ 
duced e.m.fs. in the short-circuited coils, provided the shortening 
of the air gap has not increased the pulsations of reluctance of the 
mam magnetic circuit. I have proven this on an actual ma¬ 
chine, by reducing the air gap from its normal value of 0.15 in., 
(1.27 mm.) to 0.02 in. (0.508 mm.), without reducing the current 
at which sparking commenced. In fact with one armature, of 
such tooth proportions that the main reluctance pulsations were 
less with short than with long gap, the commutation actually 
improved as the gap was reduced. With another armature 
where the reluctance pulsations were larger with the shorter 
gap the reverse was true. 

It. ^ as been claimed or at least intimated in the discussion 
to-night that because of the numerous non-computable me- 
chanical factors which may seriously affect commutation, it 
does not pay to go into refinement of calculations in connection 
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with the computable portions of the subject. I cannot agree 
with this position for^ two reasons; first, the improvement 
in the mechanical design and construction of commutators, 
brushes and brushholders, have vastly reduced the relative 
magnitudes of the disturbances introduced by these various 
elements; second, every well developed refinement of prede¬ 
termination, however slight, is a step in the right direction and 
well worth while. The time involved in its application is ridicu¬ 
lously small when compared with the importance of the result. 
Because we can’t have the whole loaf is not a good excuse for 
refusing half or three quarters of it. 

I therefore wish to congratulate Mr. Lamme, and to express 
gratification that a practical designing engineer of his high 
standing has shown his belief in the importance of careful and 
refined calculations. 

C. F. Scott: I want to comment for a moment on the method 
which is used by a prominent designer and engineer in doing his 
electncal work. This paper, aside from the specific results 
which it gives, is, I think, typical of the man. He uses physical 
methods of analysis rather than mathema deal formulas. He may 
use mathematical methods; he is a mathematician, but it is rather 
a method than a kind of machinery that he employs. For 
example, in simple things he does not happen to use a slide rule, 
but with a little lead pencil and a good deal of mental arithmetic 
he can set down the answer quicker than most men can use the 
slide rule. So m his handling of the larger problem, he has a 
sort oi short cut method which enables him to get his results by a 
physical analysis which is exhibited to us in the paper 
without very much mathematical machinery being apparent in it. 

In the present paper he has treated the matter of commuta¬ 
tion not as a limited and particular problem involving only an 
isolated coil, but he has somehow made it a part of the gen¬ 
eral problem of the cutting of a stationary magnetic field by 
moving conductors; so that commutation comes into the general 
class of phenomena which are involved in the generation of elec¬ 
tromotive force in the armature. 

Nme years ago at the opening meeting of the Institute for that 
year r. Lamme presented a paper on single-phase motors. 

g iT eat deal 1 of interest in that paper, and it was 
thought that he must have some mysterious method which 
would account for the commutation of alternating current. He 

ci*™ P i 7 ! ns l sted there was nothing magical about it, that he 
simply had a machine of exceptionally excellent commutation. 

P a P er tonight reveals somewhat of the method by 
which ne has presumably handled not merely his direct current 
commutator problem, but also the problem of the alternating 
current which led to the motor. g 

ex JrnnlP r, o ther !l 0r ^’ °f\ he ^ ommended as an excellent 
proHems * method of handling engineering and design 
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James Burke: I had not intended to make any comments 
upon this excellent paper of our friend, Mr. Lamme, especially 
as regards the interpole feature; but Mr. Lamme has explained 
in this paper the reason why we have been doing many of the 
things that we have been doing for a great many years, which 
arouses much interest. I think all manufacturers of commu¬ 
tating machines have for 20 years stated that their machines 
operated sparklessly, that there was no sparking under any con¬ 
ditions. This paper tells us why they have operated spark¬ 
lessly. 

An interesting point brought out in the paper is the matter of 
the fractional pitch as compared with the full pitch of winding. 
Mr. Lamme’s paper mentions the influence of fractional pitch 
where commutating poles are used. Machines have been built 
by some companies for many years with various degrees of frac¬ 
tional pitch, and many were built as low as 70 per cent of frac¬ 
tional pitch.. However, introduction of the interpole necessi¬ 
tated increasing the , pitch so as to bring the commutated coil 
under the interpole. I think that pretty generally it has been 
found that in interpole machines the pitch of the coil must nearly 
approach. a full pitch in order to get the best results of the 
introduction of the interpole, except in the exceptional cases 
where the end winding becomes a large factor. 

I think we must not assume that because we have this paper 
that any one without any additional experience can build a non¬ 
sparking machine, because there are a great many other items 
of very great importance that are not brought into consideration 
here. For example, this paper does not introduce the question 
of the width of the mica between commutator bars. The cus¬ 
tomary machine has a width of mica of about 1/32 (0.794 mm.) 
of an inch. Under certain conditions of design, very marked 
improvement can be obtained by increasing the width of the 
mica. I have had experience with machines in which with the 
ordinary width of mica the machines would have been impossible 
of successful operation, but by introducing increased widths of 
mma into the design, in some extreme cases to about f of an inch, 
i9.o2o mm.) or abouc 12 times the usual practice, the machines 
w>re entirely successful. The improvement in commutation 

tJit tC ^ 1 f er 4 mic ^ * s \ stud y b Y itself, but one of the important 
actors^introduced is the increased effect of the resistance of the 

rhrnL>f it” K pat ^ 0 U he i hort circuit coU > because the path 
Jyyh the brush although variable, has a minimum length 

nath t the W1< ? h °L the 7 llca h and by increasing the mica, that 
P Hincreased so that the effect of the resistance of the brush 

- S A, increased. There are difficulties in getting 

Sit thifcaTh* Venly J” th the cop P er in the commutator^ 

coooer ' ° verc ? m ® . b >' scraping the mica lower than the 

opper. As an example, I know of one motor that if its criterion 
’ be judged by any of the well known foSnTae 

would be declared impossible, and yet this machine” opTalhtg 
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as a reversing motor with its brushes at the geometrical neutral, 
has been operating for some years carrying intermittent loads 
in excess of what would be considered normal for this size of 
machine. The feature of the width of mica is a very important 
one in the study of commutation. 

. The question of finding the geometrical neutral is one that is 
difficult and takes considerable time as mentioned by Mr. 
Lamme, especially if the coils are fractionally pitched, and more 
especially if the armature is twisted so that the teeth do not 
enter evenly under the pole. The proper position as mentioned 
by Mr. Lamme is very important in interpole machines. A 
method that we have used for many years might be of interest 
and is a time saver. It will be better understood by the follow^ 
ing diagram, Fig. 1, in which a two-pole machine is used for 
illustration: A-A represent the poles; B the armature; C-C 
the brushes; D any one of the 

armature coils, shown in the —- 

diagram as being the coil short —---p*— 

circuited at that instant by one / H 

of the brushes, and in the'illus- f 

tration being at the geometrical _ 

neutral, the pitch of the coil - JLd JL± 

being slightly fractional in the T B YY 

illustration. F-F represent the [[ 

field coils excited from an ex- 1 

temal exciting supply, which V J / 

field excitation can be thrown - L ■ L - L-L —— UL-L L — 

on or off by means of switch H. 

Across the brushes is connected 

a low reading voltmeter I. Now 

if the switch H is opened or 

closed while the armature is 

stationary, there will be an in- 

stantaneous deflection of the in- Fig. 1 

dicator of the voltmeter, if the 

brushes do not happen to be at the geometrical neutral. By 
moving the brushes,, the deflection at opening or closing the 
switch will decrease if the brushes am moved towards the geo- 
metrical neutral, until finally there will be no instantaneous 
deflection of the voltmeter when the brushes are on the proper 
neutral position. Instead of making or breaking the field, it is 
sometimes, more convenient to simply use switch H for inter¬ 
posing resistance in the field circuit. The foregoing gives the 
true position both for machines without interpoles and with 
interpoles for the geometrical neutral. This is the starting 
point from which the brushes are moved to aid commutation 
when, brush movement is resorted to. Also in the interpole 
machines m cases where the interpoles are not of the proper 
strength, some departure from this position will be found 
pecessary to correct for incorrect strength of interpoles, 
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This paper takes up only one kind of interpole construction, 
perhaps the most inefficient kind of interpole because it is that 
which takes the largest number of ampere turns for producing 
commutating zones of the correct condition for commutation. 
For instance, another extreme in the comparison with this may be 
illustrated by the following sketches, Figs. 2 and 3. Fig. 2 
shows the ordinary type of interpole which is the form referred 
to throughout Mr. Lamme’s paper. If the armature * strength 
is for example, 10,000 ampere turns per pole, it would be neces¬ 
sary to have somewhere between 12,000 and 14,000 ampere 
turns on the interpole, all of which magnetization is accom¬ 
panied by copper loss in the production of that field and that 
loss is very often as large and sometimes larger than the other 
field losses. In some cases the total field losses are doubled by 
the introduction of interpoles. Now in contrast with this, 




another way of producing a suitable commutating zone is shown 
in Fig. 3, in which B indicates the interpoles supported from the 
magnet frame in any suitable way by non-magnetic material. 
Assuming again an armature magnetization of 10,000 ampere 
turns at the middle of the interpole, we can find a point indicated 
approximately at X in Fig. 3, at a convenient position me¬ 
chanically and electrically which will have a strength of ap¬ 
proximately 8,500 ampere turns, so that the winding on this 
type of interpole will require a magnetization of only the dif¬ 
ference between the 10,000 point and the 8,500 point, equals 
1500 ampere turns, plus that necessary for overcoming the air 
gap and magnetic circuit of the interpole in producing the de¬ 
sired commutating flux, or in the illustration approximately 
3,000 ampere turns. It will be seen that with this type of inter¬ 
pole, with approximately 3,000 ampere turns, if properly de¬ 
signed, the same effect can be accomplished as with say—12,000 
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ampere turns, in the type of interpole shown in Mr. Lamme’s 
paper. This particular type is one that I have given consid¬ 
erable attention to in investigation and in tests, and believe 
it shows a greater promise than the old fashioned interpole that 
has been customary. 

I note with interest Mr. Lamme’s remarks on using a lesser 
number of interpoles than main poles. When we first started 
doing this some people thought that w r e had left something off 
the machine, particularly in two-pole machines where we used 
only one interpole, and in some six-pole machines with series 
connected armatures, where we used only two interpoles, but the 
success in the operation of the machines with a lesser number of 
interpoles than main poles when properly proportioned war¬ 
ranted this use, and I think Mr. Lamme confirms the correctness 
of using lesser interpoles than the total number of poles, provided 
you can get your other magnetic conditions correct. 

One other point of great importance is, I think, not fully 
treated in the paper, and that is the effect of the number of coils 
per slot. We find in machines sometimes as many as five per 
slot and five commutator bars per slot. The difference in the 
effect between one commutator bar per slot and many bars per 
slot is a matter of very serious consideration in the designing 
of interpole machines. 

I regret that I did not have an opportunity to study this 
paper fully so as to be able to discuss it, and I will only conclude 
by expressing gratitude for the contribution which Mr. Lamme 
has made to the recorded knowledge on the subject which is 
available to those who are studying the designing of commu¬ 
tating machines. 

R. B. Treat: Mr. Lamme’s paper covers in a step by step 
manner several of the factors affecting commutation. The 
development can easily be followed, and each final formula has a 
real physical conception. 

The last formula for Bi would seem to require a correction 
factor of 2/tt due to the distributed magnetizing armature 
winding. One eminent author omits to apply this factor in his 
discussion of direct current machines, but does apply it when he 
discusses synchronous machines. Why he draws the distinction 
is a question to me. 

Fig. 10, of the paper, shows a flux density diagram to the right 
of the slot picture. This shows a straight line increase of flux 
from the base of the conductor d to its top. The author appears 
to assume that the e.m.f., developed in the conductor of depth 
d by this flux is proportionately to one-half d. Extensive ex¬ 
periments have shown that the e.m.f. curve for the conductor of 
depth d will take the form of a parabola and the average e.m.f. 
is proportionately to J d. 

The formula^ for flux from tooth top.contains the 

factors 0.54VW I have been unable to verify this part of the 
formula for experiments had indicated that it should be a logarith- 
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mic function of the armature core surface enclosed by the coil 
divided by the slot width. Again there seems to be no reference 
to the flux set up in the end connections by the commutating 
coil, this end flux being entirely independent of that referred 
to on a previous page which gives calculations for end flux set 
up by the armature magnetizing turns. > , 

There is a chapter headed “ Condensed approximate formula. 
The designer might well omit this chapter and adhere closely 
to the previously developed individual formula, for he may then 
easily note the effect of minor changes upon the design. . 

In the discussion of the effect of brush width given in the 
paper, I would ask if the factor Bi is not intended to be B i 
to conform to the value as given under the heading “ Effective 
Armature Ampere Turns?” 

The paper presents a theory of commutation which looks 
complicated and cumbersome, but if the designer will adhere to 
the elements which have been developed, he will find that the 
matter is of very easy application and it insures a little more 
accuracy than may have been obtained heretofore. 

C. E. Wilson: During the preparation of the paper by Mr. 
Lamme I was engaged for a considerable time in checking over a 
large number of machines with the idea of verifying the formulae 
by tests. In other words, I have made practical application of 
the substance of the paper, not only in checking the tests on 
existing machines, but also in predicting the commutation on 
new designs. While engaged in this w r ork I have been especially 
impressed by the importance of “ over-compensation ” and by 
the necessity for obtaining an approximately uniform distribution 
of current under the brushes. 

A great deal of light can be thrown on these subjects by what 
are commonly called “ brush curves These curves are taken 
by reading the voltage between a point on the end of the brush 
near the commutator and a point on the commutator directly 
beneath. This voltage is a rough indication of the current 
density under the brush; but it is only an indication and not a 
measure of the current density, for, as is well known, the res- 
sistance between the brush and the commutator is exceedingly 
variable. 

Fig. 1 shows the effect on the brush curves of changing the 
magnetizing force of the interpoles. These curves were taken at 
full load on a 1,500-kw., 500-rev. per min. machine, which has a 
high short circuit e.m.f. Curve a was taken with the machine 
under-compensated and sparking slightly; Curve b with it com¬ 
mutating perfectly, and Curve c with it over-compensated and 
sparking about the same as when Curve a was taken. These 
curves are characteristic. The current crowds to the leading 
tip when the machine is under-compensated and to the trailing 
tip when it is over-compensated. 

In Fig. 2, Curve a was taken on a 15-h.p. motor at f load. 
Curve b was taken on the same motor at the same load with 
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brushes only half as wide, but with twice as many brushes per 
arm, so that the average current density w r as the same for both 
tests. Curve a shows flat compensation, while Curve b shows 
the machine to bs under-compensated. This result is consistent 
with the theory advanced this evening. The difference would be 
more marked if this machine had a higher short circuit voltage 
due to the slot flux. 

Changing the interpole gap has, of course, an effect on the 
brush curves similar to that produced by changing the interpole 
ampere turns. Fig. 3 shows tjsts at full load on a 125-kw. 
generator which has a low short circuit voltage. Curve a was 
taken with a J-in. (6.350 mm.) interpole gap and b with a 5/32-in. 
(3.969 mm.) gap, all other conditions being the same for both 
tests. 

The same kind of brush curves can be taken on non-interpole 



machines. It is customary to shift the brushes of such ma¬ 
chines to assist commutation. The short circuited coils, being 
in an active field at no load, have large local currents set up in 
them, which fact shows clearly in the brush curves. Fig. 4 shows 
the tests on a 100-h.p. non-interpole motor at no load and full 
load with the brushes given 2.7 bars lag. This machine commu¬ 
tated perfectly at no load and full load and only sparked slightly 
at li load. The short circuit voltage per coil on this machine 
is 3.1 volts from test and 3.0 volts by calculation—a very close 
agreement. The test value of this short circuit voltage was 
obtained directly from the brush curves taken at no load and 
full load. 

A good way to look at this problem is that, with the brushes 
on the no load neutral and the brush covering only one bar, 
the difference in voltage between the two edges of the brush is 
equal to the short circuit voltage per coil. For any other 
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condition the approximate short circuit voltage can he found 
from the brush curves if due allowance is made for the number 
of bars covered by the brush and for any voltage assisting com¬ 
mutation due either to interpole flux or to the main flux in non- 
interpole machines if the brushes are shifted into an active field 
at no load. 

In regard to saturation in the interpole circuit, Curves a 






and, b shown in Fig. 5 are of special interest. They show the 
limits of sparkless commutation on a 02A«kw., 250 volt generator. 
This machine with flat compensation will begin to spark at 
l£ load (point A), while with over-compensation it will not 
spark until If load (point B) is reached. This shows very 
clearly why an interpole machine should be over'-compensated. 
Fig. 6 shows the brush curves taken on this same machine at 
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X^ 11 load, Curve a, and 1J load, Curve b. Curve &, of course, 
Hows under-compensation. 

In a series or heavily compounded motor, saturation is even 
.3^ ore serious than it is in a shunt machine, for that part of the 
J*^a,gnetic circuit common to the main pole and interpole saturates 
the load comes on. Fig. 7 shows the brush curves for a 5-h.p. 
'P'^avily compounded motor, 1260 rev. per min., 5.25 amperes 
^^urve a), and at 813 rev. per min., 20 amperes, (Curve b). 

^ Curve a, Fig. 8 shows another way of representing the satura- 
,lon of the interpole circuit. It represents the resultant voltage 
tween bars at the center of the brush for various armature 
^'Currents in a series motor operating at constant speed. This 
^QO-h.p. motor, on account of the conditions of the service re- 
^Ixxired of it, is necessarily highly saturated. The dotted line b 
Stives the over-compensation which would be obtained if there 



■were no saturation in the interpole circuit, while the dotted line c 
gi^ves the approximate short circuit voltage of the commutating 
coil. This curve shows clearly the special importance of over¬ 
compensation in the case of series motors which are required to 
operate at large overloads for short periods of time. 

The importance of properly shaping the interpole face, as 
explained by Mr. Lamme, is clearly shown by the brush curves 
ixx Fig. 2. Curve a, while it shows flat compensation, also shows 
current peaks at both sides of the brush. The effect is caused 
t>y too wide an interpole face and too small an interpole gap. 
When the interpole covers more than one slot pitch and the 
period of commutation does also, the increased flux density 
tender the edges of the interpole will give a brush curve similar 
-fco Curv£ a in Fig. 2. Curve b shows this effect much reduced 
c3/ue to the shortening of the period of commutation, and, while 
i-fc shows under-compensation, the current density at the leading 
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brush tip is apparently less than in the east* nt (Tree a. A 
machine with a brush curve* like a is, of course, sensitive to inter 
pole adjustment, brush setting, sudden changes of load, “ etc T 
It thus seems to be well worth while to so fashion the inlerpole 
face that good brush curves and approximately equal distribu¬ 
tion of current under the brushes may be obtained. 

B. G. Lamme: I have been much interested in the various, 
points brought up in the discussion of the paper. 'There seems 
to be a general misunderstanding in regard to what is covered in 
this theory of commutation. This theory was intended to in¬ 
clude only the internal actions involved in the operation of rone 
mutation and was not intended to rover extraneous conditions, 
such as undercutting of mica, quality or grade of brushes, type 
of brush holder, peripheral speed <>f commutator, etc. These 
features have largely to do with the mechanical conditions of 
commutation and, while they might be rightly classified under 
the broad subjcot <>f commut.ati<m, yet they do not 1 »eh»11g to 
the theory as I have presented it. The undercutting of the 
mica, for instance, does not dirrrtly improve the commutating 
characteristics but if allows the brush to maintain more intimate 
contact with the copper surface of the commutator, at all lime:*, 
than would be the ease where the mica is not undercut, in the 
same way a good brush holder will maintain a more uniform eon- 
tact and will prevent jumping and chattering of the brushes. 
The grade of brush will have a direct, influence on the mmiimla 
tion, through its resistance, but the action of the brush is also 
mechanical, to a certain extent, as some brushes will give much 
smoother “riding” action on the commutator than others. 
The peripheral speed of the com mutator face has considerable 
to do with the operation of the machine, through the operation 
of the brushes which rule on the commutator surface. I lowever, 
these conditions do not modify the theory of the internal actions 
which take place in the armature during commutation, 

A number of statements have been made this evening, to the 
effect that it should not be assumed that the method <»t analysis 
shown in this evening’s paper will enable a beginner, or inex 
perienced person, to design good commutating machine:;, It 
was not the intention to create any such impression. A more 
careful perusal of the pa,per should call attention to the fact 
that, throughout, I. have stated repeatedly that, judgment and 
experience are required to use the method accurately, in fuel, 
instead of making the problem appear simpler than formerly, 
in my mind, this method of analysis makes the problem appear 
more complex, for more conditions are included than in the 
usual methods of analysis, and at the same time f hese conditions 
have been shown to be extremely variable for different., types of 
apparatus. In applying this method of analysis to non interpole 
machines, for instance, the results obtained in many eases show 
that it is surprising that such machines have been made to work 
as well as they do. In fact, had this method been applied to 
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any great extent in the past, I am inclined to think that many 
non-interpole machines now in existence would never have been 
undertaken, as their commutating characteristics would have 
appeared so questionable. 

One direct consequence of the use of this method of analysis, 
in the author’s own experience, has been to dispel a former 
notion that inter pole machines were more sensitive, or more 
“ delicate ”, in some ways than the non-interpole type. After 
long experience in the analysis of the various types of machines, 
the conclusion was reached that interpole machines work sur¬ 
prisingly well, considering some of the badly proportioned ma¬ 
chines which have been put on the market in the past by various 
manufacturers. 

Taking up in order some of the points brought up at the 
discussion this evening—Mr. Erban has evidently misread the 
paper when he intimates that I said that little has been done 
to determine the permissible overload, without flashing, at the 
time of short circuit. I did not intend to give any such im¬ 
pression, but did intend to give the idea that it is impracticable 
to build large, high speed machines, especially for the higher 
voltages, which could be dead-short-circuited without flashing, 
and I attempted to show in a simple way why certain limits 
could not be exceeded. I judge that his experience, as to the 
limiting load possible without flashing, coincides very closely with 
my own. 

As to the presence of conducting gas or vapor assisting or 
causing flash-overs, I agree entirely with him, but it should be kept 
in mind that this vapor is not the initial cause of the flash but is a 
means for spreading it. The real cause lies in the excessive 
short circuit voltage under the brush due to the excessive arma¬ 
ture current at the moment of short circuit, as explained in the 
paper. 

Mr. Hoxie takes exception to my statement that field distor¬ 
tion has no effect on the commutation. His contention appears 
to be that, when there is saturation, the distortion of the main, 
field flux has a direct influence on commutation. But this is the 
one exception I made to my broad statement, for I showed in 
Fig. 17, and the accompanying text, why a saturated main pole, 
with a consequent heavy series winding, tended to give, to some 
extent, the effect of an interpole. 

Mr. Hobart brings up the point that, with a non-interpole 
machine, without lead at the brushes, this method of calculation 
might give very good results, but that when lead was considered 
it was hopelessly involved. I do not agree with him that the 
method is an impossible or impracticable one in this latter case, 
for it has been tried out, in many cases, with very enlightening 
results. In that method of direct current machine design in 
which the magnetic u field form ” or field distribution is used as 
the basis of the calculations, this method comes in naturally and 
is simpler to apply and gives a better insight of the problem than 
taking the resultant of the magnetomotive forces instead of fluxes. 
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Mr. Hobart has also suggested that. the maximum voltage 
between commutator bars*should Ik* given consideration as this 
may lead to commutation trouble. I do not see wherein either 
the average or the maximum voltage between bars lias an>4lung 
to do with the direct, problem of commutation, but 1 do agree 
with him that it is the maximum vt.jltagi* which we should core 
skier in the design of the machine, instead of t he average voltage. 
The sparking or flashing troubles caused by too high a maximum 
voltage between bars do not originate under the brush as a rule, 
but start between those commutator bars winch are connected 
to conductors cutting the maximum field dux. I would define 
this as commutator, rather than commutation, trouble. 

Professor MaeLaren has called attention to the fact that 
while the e.m.f. due to the interpolnr dux is increased dm* to 
chording, yet the increase is not very large. He is correct in 
this. The point which I intended to hiring out in my paper was 
that chording was harmful rather than beneficial as far as tin* 
interpolar flux is concerned, and possibly the proportion Town 
in Pig. 4 in the paper, gave an exaggerated idea of this effect. 

He also states that in working out certain large machines 
according to this method of calculation he found that tin* e.m.f. 
due to the interpolar flux in some cases was much greater than 
the e.m.fs. due to the slot and end fluxes. This appears to me 
to be rather unusual, in tin* ordinary t ype of machine, alt hough 
I can see that if extra precaut ions were taken to reduce f las e.m.fs. 
due to the slot and end fluxes, while none were taken to reduce 
the e.m.f. due to the interpolar flux, it might be possible to get 
the latter relatively high. Professor MaeLaren also suggests 
that the effect of the chording on the slot; e.m.f. as given in fhe 
paper, is greater than experience indicates. However, in many 
eases, especially where the end and interpolar fluxes are higli, 
the effect of the chording would be relatively small, in the total 
result. In the example which he mentions, in which the e.m.f. 
due to the interpolar flux was 2.8 volts, that due to the end 
ilux was 0.9 volts, while that; due to the slot was 1.8 volts, it is 
obvious that a considerable variation in the latter value, due to 
the chording, would have a comparatively small effect on the 
total insult. I he influence ol chording, as indicated in this 
paper, agrees very well with my own experience, 

Professor Adams has called attention to tin* fact ihat the 
method, of analysis given in the paper does not cover insf antiine 
ous conditions during the operation of committal ion. 1 admit 
that there are small high frequency disturbances winch occur 
periodically within the period of commutation, but these dee 
turbances repeat themselves within a cycle of one tooth pitch, 
while m the method of calculation shown in the paper flic 
results are averaged over one tooth pitch. The period of com 
mutation is very seldom as short as that, represented by one 
tooth pitch and is usually considerably longer. Therefore, in 
practice, the minor disturbances occur only in a relatively small 
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part of the period of commutation. But even if we did calculate 
these disturbances with any accuracy, we could not use the 
results in our calculations for interpole machines, for it is only 
the average voltage which we can compensate, or it is only the 
average short circuit e.m.f. which the interpole neutralizes. 
While such minor disturbances may be interesting from a purely 
theoretical standpoint, yet in a practical design they need not 
be taken into account and, in fact, they may be, to a certain 
extent, suppressed by damping action in the interpole and else¬ 
where. 

Professor. Adams also calls attention to the possibility of 
secondary currents in the short circuited coils, set up by pulsa¬ 
tions in the main field flux due to changing magnetic reluctance 
in the main circuit, as the armature rotates. This effect may be 
present, to a certain extent, and, if of materially large value, it 
would be harmful. However, this is an effect which the de¬ 
signer aims to eliminate, or to reduce to a low value for other 
reasons than commutation and, in well designed machines, it 
should have but very little influence on the commutation. In 
fact, I do not recall any instances in machines of recent design 
in which this effect has been sufficient to give any noticeable 
trouble. 

Mr. Burke brings up a number of points which have been 
covered, to some extent, by what I have already said. He calls 
attention to the fact that certain machines operate in a satis¬ 
factory manner which, according to the ordinary calculations, 
should not be good operative machines. I have noted similar 
cases. As a rule, these cases have to do with machines for inter¬ 
mittent service, reversing machines, etc. In such machines, 
commutation characteristics appear to be allowable which are 
not at all permissible in ordinary continuous service. In fact, 
non-interpole railway motors without any lead at the brushes 
are, in many cases, operative at voltages across the brush, or 
between adjacent commutator bars, which would seem to be 
prohibitive. In fact, they would be prohibitive if it were not 
for the intermittent load and other special conditions of opera¬ 
tion. 

Mr. Burke has referred to a method of finding the true inter¬ 
pole commutating position, and he refers to adjustments which 
are departures from this position, in order to obtain more suit¬ 
able conditions. I agree with him that it is very important 
to find the theoretically correct position of the brushes in inter¬ 
pole machines, but I think that it is wrong, especially in gen¬ 
erators which are to operate in parallel, to permit any appreciable 
departure from this correct setting; for other troubles than 
commutation are liable to be encountered if the brushes are not 
set at the true neutral. 

Mr. Burke has referred to a special arrangement of interpole 
which, in his opinion, may have some advantage over the usual 
type. The type of interpole he shows is not a new one to me, 
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for an experimental machine of this type was designed by one of 
my associates several years ago. The arrangement is operative, 
but it seems to me that it is not a very practical scheme. Mr. 
Burke is somewhat in error in the figures which he gives for the 
advantages in this arrangement. For example, he assumes 
10,000 ampere turns per pole in the armature and an excess of 
2,000 to 4,000 ampere turns in the interpole, or say, 3,000 
ampere turns excess. ^ With the arrangement of interpole which 
he has shown he considers that the armature opposing ampere 
turns may be reduced to 1,500, instead of 10,000. The total 
ampere turns on the interpole then become 1,500 plus 3,000 
= 4,500. But he overlooks the return path required for the 
interpole flux and, assuming this to be of practically the same 
section as the interpole, 3,000 ampere turns additional are 
required for the gap in the return path. The total thus becomes 
7,500 ampere turns,. compared with 13,000 ampere turns with 
the usual type. This would be but little better than the inter¬ 
pole arrangement with half as many interpoles as main poles. 
However, a marked disadvantage in this scheme lies in the extra 
space required Tor the interpole. With the usual arrangement 
ot interpole it is frequently difficult to find space for the inter¬ 
pole without reducing the effective circumferential width of the 
mam poles. With this proposed arrangement the space for the 
special interpole would have to be increased very materially 
m most cases, and I believe that the decrease in output, due to 
sue reduction in the width of the main poles would far more 
than balance the possible gain. 

Mr. Treat has called attention to what he considers an ap¬ 
parent error m the derivation of the formulae. Fie states that 
m connectmn with Fig. 10 “ The author appears to assume that 
the e.m.f. developed m the conductor depth d by this flux is 
?n! I i 0rtl ? na t0 l d \ Extensive experiments have shown that 

Of !? r i he conductor of de Pth d will take the form 

of a P^ ra ^ ola and the average e.m.f. is proportional to f dr 

tinn^f Mr ‘ i Tre ^ haS - not gone car efully .into the deriva- 
tlo »T the formul f g^en in connection with this point, or he 

nhisteadTi^ th ?d he TT Valueused is in proportion to 
with hie; p Y1 ,An' ' The ^? sult obtained is therefore in accordance 
with his experience m this point. 

n 2® al ®° states that he h as not been able to verify the factor 

that aTcordTn^ta^ffffl 5 ! flu \ from th e tooth top and 
loSriSc T 1C T S ,’ the ex P re ssion should be a 

IiTreolv to this T -mil s an d surface dimensions. 

replyto this I will say that, as worked out originally this was 

a loganthmic function, but the expression was unduly com 
plicated and was replaced by the simpler expression Sveh in X 
paper, which is an equivalent within the practicl ran?e of 
design. Furthermore, a slight discrepancy in this 1 oart h^s 
such a small effect on the . total result that it was considered ad! 
visable to use the simpler expression throughout. 
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I feel that the discussion of the paper has been hampered, to a 
certain extent, by the delay in its issue. A number of the 
statements made this evening have obviously been due to in¬ 
sufficient opportunity to go into the paper thoroughly, for a 
number of points which have been raised are, in reality, covered 
in the paper itself. In a number of cases I have not called at¬ 
tention to these, for I believe that more careful reading of the 
paper will furnish the answer to these points. 
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MAGNETIC PROPERTIES OP IRON AT FREQUENCIES 
UP TO 200,000 CYCLES 

BV K. b\ W. ALKXANDKKSON 

Tlie measurements of magnetization, core loss and skin effect 
ot iron at high frequencies described in the following were 
undertaken partly in order to get data for predetermining the 
core loss and magnetic densities in high frequency alternators 
and partly in order to investigate the possible usefulness of iron 
for transformer construction at high frequencies. 

Description of Apparatus 

'Flu* generator used for producing 200,000 cycles is sub¬ 
stantially of the same type as the lOO.OOO-eyde alternator de¬ 
scribed by the author in a paper before this Institute in June, 
HHMb The 200,000 cycle alternator was designed primarily 
for the purpose of wireless telegraph and telephone service, 
particularly in connection with small antenna* used for trans¬ 
mission over moderate distances, when* the natural frequency is 
higher than it is in high antenna* intended for long distance 
work. The output that can he obtained from a generator of a 
certain physical size decreases with the frequency or, vice versa , 
increases with lower frequencies, which is a fortunate circum¬ 
stance. inasmuch as the power needed for short distance trans¬ 
mission in relatively small, whereas, long distances require a 
greater amount of power and a, lower frequency. 

In the design of the alternator for 200,(HH) cycles some new 
difheultieswereencountereiL Tliesize of slot used in the 100,000- 
eyde alternator is almost as small as it is practicable to use, 
if an adequate insulation is to be provided for a normal operating 

mm 
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potential of 110 volts and a high potential lost of 7a0 volts. 
It was found possible to increase* the number of slots from 000 
to 800, retaining the same insulation, but beyond that it seemed 
that any increase in frequency must be obtained by an increase 
in speed. It appeared that the factor of safety of tin* material 
would allow a certain increase of speed, hut there was another 
consideration which made the increase n! speed almost prohibi¬ 
tive; the air friction. From measurements made < m t lie 100,000- 
cycle alternator the law for the variation of the air friction with 
the speed has been determined, and it was found by plotting the 
results on a logarithmic scale that all the measured points within 
the whole range of speed where measurements could be made, 
fall on a straight line, indicating that tin* air friction is an 
exact function of the 2.7th power of the speed. The air friction 
of a 12-in. (31 cm.) disk at 20,000 rev. per min. is a kw. and hence 
a general formula is found for the air friction. 

On a 12-in. disk; 


Air friction in kw. =0.70 


( 


rev. per mm. 
10000 


Hence if was found that the speed needed for 200,000 cycles on 
the above assumption would require a power to be dissipated 
in air friction of 15 kw. which, would be excessive particularly 
from the point of view of heating. 

The 200,000-cycle alternator which has been developed has 
800 slots but the machine runs at. the same speed as the 100,000 
cycle alternator, 20,000 rev, per min. The winding has one 
conductor per slot, insulated in the same way as the 100,000 
cycle machine but the winding is of a special type so that 800 
slots give the equivalent effect of 1200 poles, it generates 
90 volts at no load. 

System f< >r M haspkkmknt 

Inasmuch as the principal object of tins test, was to ascertain 
the core loss in the iron, it was necessary to find a. way of making 
wattmeter measurements. The ordinary hot wire instruments 
have been found very reliable for measuring amperes and volts 
at high frequencies but a wattmeter for such frequencies does 
not exist. However, it might be possible to construct such an 
instrument applying the a a —principle to the hot wire meter. 
For these core loss measurements another method was adopted 
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which required no special instruments. The principle of the 
method is the following: 

A compound circuit is formed of the sample coil, a bank of * 
condensers, and a variable inductance. The relation of the 
capacity to the inductance is varied until the volt-amperes input 
through the combination becomes a minimum for a constant 
value of current in the sample coil. The minimum input 
indicates the changing point from leading to lagging current of 
the combination and consequently the input represents the 
watts consumed by the group. The iron core is then removed 
and the same measurements of minimum input is made with the 
remaining air circuit. This second measurement represents 
the loss in all the auxiliary apparatus and wiring, and the dif-' 
ference between the two measurements is the watts core loss 
in the iron sample. 

In following out this principle it must be observed that any 
presence of higher harmonics in the measured circuit might give 
a certain amount of wattless current even at the point of mini¬ 
mum input and any such disturbance must be eliminated. For 
this purpose the alternator w r as connected in series with a 
variable condenser which was in every case adjusted so as to 
give maximum current output for any given field excitation. 
In this way the harmonics were eliminated by tuning, so 
that a comparatively pure sine wave was delivered to the test 
circuit. 

In arranging the test circuit there was a choice between con¬ 
necting the condensers in multiple to the sample coil and tuning 
for minimum current input or connecting the condensers in 
series with the sample and tuning for minimum voltage input. 
Out of these two alternatives the second proved to be more con¬ 
venient and was used throughout. The accuracy of the method 
was ascertained by substituting a known resistance in the place 
of the sample coil and checking the measured input to the same 
with the calculated 1 2 R loss. The results agreed within the 
errors of measurement. The arrangement of the test circuit 
employed is shown in Fig. 1. The sample coil is connected 
in series with a bank of condensers of one microfarad each, ar¬ 
ranged in series, and a variable inductance consisting of a fine 
insulated wire about 1.5 meters along which was wound or un¬ 
wound. on a cylinder of wood about two cm. in diameter. This 
type of variable inductance was preferred to the one of the 
ordinary laboratory type where a blank wire is gradually rolled 
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from an insulated to a. conducting cylinder. It is of importance 
that no change be made in the losses in the auxiliary apparatus, 
because the core loss in the sample is determined by subtracting 
the losses in the apparatus from t lit* total losses in the romhina- 
tion. The current was measured by a three-ampere hot win* 
meter with all the current flowing through the hot win* and the 
voltage was measured by a hot wire voltmeter with a full scale 
deflection corresponding to 0.23 amperes. Inasmuch as. Mi¬ 
series resistances of the voltmeter were originally made lor 
ordinary frequencies it might Ik* questioned whether thev are 

sufficiently non-inductive for accurate readings on high fre. 

qucncies. The tests made to ascertain this point indicate how¬ 
ever that there is no measurable error even at 200,001) evades. 
In the first place the readings of the voltmeter are proportional 
to the speed of the alternator 
over the whole range of speed 
in which the machine can beoper 
a ted. For additional assurance 
it was tried to eliminate any 
possible inductance in the volt¬ 
meter by connecting it in series 
with a variable condenser, and 
it was found that the maximum 
reading was obtained witlumt 
the condenser and that the 
readings decreased first slowly 
and then rapidly when the im 
pedance of the condenser was increased. 

I he sample coil consisted oj a ring 2 in. (f>.l cm.) in diameter 
made up of 10 turns of a suit, iron strip 0.003 in. thick and 
0.75 in. wide (0.G07(SX UJ cm.). The layers of the strip were 
separated by thin paper. The winding was made of 0.010 
.silk covered wire with two wires in multiple and 20 turns in 
series. 


AW! I| a , 
VO! t VI tfii 


j \ 


, >i, i;v r 
T mi,. 
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Arrangements fur 
iiieasuremeuts 


f he test comprised two sets ol measurements; 

Skin effect measurements; 

Core loss measurements. 

this skin effect measurements consisted in determining the 
apparent permeability of the iron at various frequencies and 
densities by observing the volts and amperes at the terminals 
of the sample coil. The complete sets of observations at various 
frequencies are given in Table L 
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TABLE I 

SKIN EFFECT MEASUREMENTS 


Frequency 

Amperes 

Volts 

Bmax 
lines per 
cm 2 

Effective 

ampere turns per 

cm. 

40,000 

1 .8 

8.2 

1550 

2.25 


3 .64 

7.4 

1440 

2.05 


1.48 

6.7 

1300 

1.85 


1.28 

5.2 

1010 

1.6 

60,000 

2.02 

12.8 

1650 

2.53 


1.88 

11.3 

1460 

2.35 


1.74 

10.2 

1320 

2.18 


1.33 

7.2 

930 

1.66 

80,000 

2.37 

18.4 

1780 

2.97 


2.14 

16.3 

1480 

2.68 


1.82 

12.8 

1190 

2.28 


1.48 

0.2 

890 

1.85 

100,000 

2.46 

20.4 

1580 

3,08 


2.06 

16.2 

1260 

2.58 


1.64 

11.5 

890 

2.05 


1.27 

8,4 

650 

1.59 

120,000 

2.38 

21.8 

1410 

2.98 


2,14 

18.0 

1160 

2.68 


1.88 

14.3 

925 

2.29 


1 .88 

10.2 

660 

1.73 


1 .0 

11.0 

770 

2.0 

140,000 

2.20 

22.0 

1220 

2.86 


1 .04 

17.3 

960 

2.43 

1 

j 

1 .60 

13,7 

760 

2.11 

100,000 

2.26 

22.6 

1090 

2.83 


2.00 

10,0 

920 

2.5 


l, 60 

14.7 

710 

2.11 

i 

1 .27 

11.3 

550 

1.71 

180,000 

2 32 

24.8 

1070 

2.9 


2.20 

22.8 

885 

2.75 


1.01 

18.4 

790 

2.39 

1 

1.60 

13.5 4 . 

580 

1.88 


1.26 

10.5* 

450 

1.56 

: 200,000 

2,34 

26.1 

1010 

2.93 


2.04 

21 ,3 

820 

2.55 

j 

1 .67 

16.4 

635 

2.09 


1.27 

11.5 

446 

1.59 


The method of procedure during the core loss measurements 
was as follows: 

The alternator was held at constant speed and the outside 
condenser C, was tuned so as to give maximum current for that 
particular frequency. The voltmeter connection was then 
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j moved along the bank of condensers C 2 until the point was 

j found which gave approximately minimum volt reading. The 

| variable inductance was then wound or unwound until the exact 

minimum point was found. With this adjustment of the cir¬ 
cuit, a continuous series of readings was taken by varying the 
field strength of the alternator and noting the volts and am¬ 
peres input to the test circuit. The sample coil was then short 
I circuited and another tuning of the auxiliary circuit undertaken 

i leaving the voltmeter connection in the same place but in¬ 

creasing the variable inductance by winding up the wire until 
the minimum volt reading was found. The same procedure 
was repeated at each of the various frequencies from 40,000 to 
200,000 cycles. The complete data as obtained from tests is 
given in Table II. 

TABLE 11 


CORE LOSS MEASUREMENTS 


Frequency 

Amperes 

Minimum 
volt total 

Minimum volt 
auxiliaries 

Minimum 
volt coil 

Effective ampere 
turns per cm. 

40,000 

1.96 

8.4 

0.53 

7.9 

2.45 


1.87 

7.4 

0.48 

6.9 

2.34 


1.77 

7.0 

0.43 

6.6 

2.21 


1.52 

5.1 

0.32 

4.8 

1.9 


1.23 

3.9 

0.20 

3.7 

1.54 

60,000 

2.08 

10.5 

0.8 . 

9.7 

2.6 


1.92 

9.2 

0.68 

8.5 

2.4 


1.78 

8.2 

0.59 

7.6 

2.23 


1.63 

7.2 

0.49 

6.7 

2.04 


1.31 

5.1 

0.32 

4.8 

1.64 


1.06 

4.1 

0.21 

3.9 

1.33 

80,000 

2.32 

15.2 

1.2 

14.0 

2.9 


2.18 

13.7 

1.06 

12.6 

2.73 


2.05 

12.1 

0.94 

11.2 

2.56 


1.80 

9.5 

0.72 

8.8 

2.25 


1.60 

8.2 

0.57 

7.6 

2.0 


1.33 

6.5 

0.4 

6.1 

1.66 


1.08 

4.9 

0.26 

4.3 

1.35 

100,000 

2.29 

16.5 

1.68 

14.8 

2.88 


2.02 

13.4 

1.31 

12.1 

2.53 


1.76 

11.0 

1.0 

10.0 

2.20 


1.61 

9.3 

0.83 

8.5 

2.01 


1.33 

7.4 

0.57 

6.8 

1.66 


1.06 

5.3 

0.36 

4.9 

1.32 

120,000 

2.44 

19.0 

1.54 

17.5 

3.05 


2.26 

17.1 

1.3 

15.8 

2.82 


1.94 

13.7 

0.97 

12.7 

2.43 


1.65 

10.5 

0.70 

9.8 

2.06 


1.39 

8.4 

0.50 

7.9 

1.74 


1.12 

6.6 

0.32 

6.3 

1.4 
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TABLE II— Continued 


Frequency 

Amperes 

Minimum 
volt total 

Minimum volt 
auxiliaries 

Minimum 
volt coil 

Effective ampere 
turns per cm. 

140,000 

2.24 

17.8 

1.46 

16.3 

1 

2.8 


2.01 

14.9 

1.18 

13.7 

2.52 


1.67 

11.4 

0.81 

10.6 

2.09 


1.34 

9.0 

0.52 

S. 5 

1.68 


1.08 

7.0 

0.34 

6.7 

1.35 


1.79 

12.7 

0.96 

11.7 

2.24 


2.20 

17.6 

1.42 

16.2 

2.75 

160,000 

2.75 

26.9 

3.1 

23.8 

3.44 


2.67 

26.5 

2.92 

23.6 

3.34 


2.40 

22.5 

' 2.37 

20.1 

3.0 


2.16 

19.0 

1.92 

17.1 

2.7 


1.89 

15.3 

1.46 

13.8 

2.36 


1.53 

11.5 

0.96 

10.5 

1.91 


1.26 

9.0 

0.65 

8.4 

1.58 


1.12 

7.7 

0.51 

7.2 

1.4 

| 

180,000 

2.38 

22.8 

2.62 

20.2 

2.98 


2.50 

24.8 

2.9 

21 #9 

3.13 


2.25 

21.4 

2.34 

19.1 

2.81 


1.95 

17.4 

1.76 

15.6 

2.44 


1.68 

13.7 ! 

1.3 

12.4 

2.10 


1.32 

10.1 

0.81 

9.3 

1.65 


! 1.04 

7.6 

0.5 

7.1 

1.30 

200,000 

2.32 

23.1 

2.4 

20.7 

2.9 


1.93 

17.6 

1.66 

16.0 

2.41 


1.75 

15.1 

1.36 

13.7 

2.19 


1.52 

12.6 

1.03 

11.6 

1.9 


1.19 

9.2 

0.63 

8.6 

1.49 


0.98 

7.4 

0.44 

7.0 

1.22 


For the sake of completing the data the same sample coil was 
tested at 1740 cycles and at 60 cycles in order to ascertain the 
permeability and core loss at lower frequencies. In these two 
sets of measurements a dynamometer was used for determining 
the core loss. 

Although the apparatus described above for measurements at 
high frequencies was convenient to use and worked with all the 
accuracy that could be desired, it was found rather difficult in 
the beginning to get consistent measurements that could be 
reproduced. The quantity that was difficult to control was the 
actual properties of the iron due to the rapid changes in tempera¬ 
ture. The skin effect or apparent permeability as well as the 
core loss is a function of the specific resistance, which on the 
other hand varies with the temperature. In order to maintain 
constant temperature the sample core was immersed in oil, 
however, the heat radiation was not as rapid as might be desired 
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because the coil, in order to give a closed magnetic circuit was 
solidly wrapped in tape. At the highest densities and the 
highest frequencies that were used the heating of the iron was so 
rapid that the apparent permeability could be observed to 
increase about 20 per cent after the circuit was closed, the whole 
change taking place in about half a minute. 

The following corrections of the measured results have been 
considered but it was concluded that none was of a magnitude 
that would be worth taking into account. 

The inductance of the air circuit surrounding the winding 
of the coil. 

Resistance of the winding. 

Error due to current absorbed by the voltmeter. 



I'ig. 2.—Saturation and core loss at HO cycle-; 

In order to ascertain the inductance of the air circuit, of the 
coil winding an identical sample coil was made up with a paper 
core instead of the iron core. The inductance was, however 
too low to be measured. Similarly it was found that, the re¬ 
sistance could be neglected. The correction for the voltmeter 
current might be considered appreciable being about 4 per cent 
however, considering the possible variations of several times 
this amount due to heating all efforts were bent to produce 
measurements which are consistent with each other rather than 
to correct the absolute quantities. The sets of readings given 
m fables I and II are the results after several less sueee--ful 
attempts. The method finally adopted in taking the readings 
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was to complete all the tuning, then let the coil cool and take 
the readings rapidly, closing the circuit only for a moment at a 
time. 

The data represented by curves in Fig. 2 to Fig. 11, inclusive, 
are obtained from the test results given in Tables I and II in 
combination with some other tests made with a 100,000 cycle 
alternator in order to reach the intermediate frequencies. 

Figs. 4 to 7 inclusive, give the data on magnetizing current and 
skin effect, whereas Figs. 8 to 11 inclusive, give the data on core 
loss. Fig. 5 gives fhe magnetization of the iron in the same form 
as ordinary alternating current saturation curves, one curve 
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Fig. 3.—Saturation and core loss at 1,740 cycles 


being drawn for each frequency. The curves in Fig. 6 show the 
decrease of the apparent magnetic densities with increasing 
frequency; in other words, the skin effect. Fig. 7 gives the 
magnetizing current in a form which is most useful for the 
purpose of design. Each curve represents a constant value of 
effective volts induced by a cross section of one square centi¬ 
meter of the core. The curves show that, in spite of the skin 
effect, the magnetizing current needed to produce the same in¬ 
duced voltage decreases continually with increasing frequency. 
Fig. 11 gives the core loss in a similar form, each curve repre¬ 
senting a constant value of volts produced per square centimeter 
of the core. The core loss, like the magnetizing current, de¬ 
creases with increasing frequency. 
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Conclusions 

As a conclusion from these Icsls it; may lie stated that the 
opinion held quite extensively that, iron does not. respond to high 
frequencies is entirely without foundation. The iron not. only 
responds but it seems to have the same permeability at 200,000 
cycles as at 00 cycles. The apparent, permeability of the iron in 



MKKHI IIINHK) HKKNHJ* MIHMK) iHOOtHI 
FREQUENCY CYCLES FEB SECOND 


lu<i 4. Induced volts at constant ampere turns and varyiuj* frequency 

the sample which was tested is only about one-tenth as great 
at the high frequencies us at the low frequencies In,t tile decrease 
of. tire apparent permeability is substantially in agreement with 
the change that would lie expected from purely theoretical eon- 
sidera.turns due to the skin effect, which indicates that the actual 
[K'j int'abilUy lias rnnainrd tinchatigc k <l. 
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In order to apply Steinmetz’s formula for skin effect: 


Penetration, l p = -* 

VX 



EFFECTIVE AMPERE TURNS PER CM. 

Fig. 5.—Alternating current saturation curves 


The following constants may be used as average values for 
the sample 

Permeability, ^ = 2,250 
Conductivity, \ = 0.9X10 5 


'Transient Electric Phenomena and Oscillations, 
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Hence penetration at 200,000 cycles should he 

1 p — O.OOOot* an, 

liiono • ; ........... . .. 



Img. 0. - Apparent densities at constant ampere turn?; an*I varying 

frequency 



Fx0 ‘ 7,—Magnetising current at constant volts per turn 
and varying frequency 


I he data from the tests give 

Average permeability at low frequency. 22f>0 

Average apparent permeability at 200,000 cycles. ... 1K0 

Hence penetration = 0.007(5XjX,^-.0.0002 cm. 
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FREQUENCY, CYCLES PER SECOND 


F G. 9 —Core loss at constant apparent densities and varying frequency 
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The discrepancy between the measured and calculated values 
of the penetration is probably due to the fact that the coil has 
not a completely closed magnetic circuit, but depends upon 
the leakage from turn to turn of the laminations, whereby an * 
additional skin effect is created. 

The data on the magnetic properties of iron at high frequencies 
may be of more interest if it can be shown that iron may actually 
be useful in the construction of apparatus for such frequencies. 
Its usefulness may be claimed to be already demonstrated in as 
far as the construction of a 200,000 alternator would have been 
impossible without an iron armature. There is however, a 
generally accepted opinion that transformers for high - fre¬ 
quencies cannot be made with iron core. On the other hand there 
is a well known rule that transformers for ordinary frequencies 

TABLE III 

DESIGNS OF FIVE-KW. TRANSFORMER AT VARIOUS FREQUENCIES 


j 1 

Frequency. 

60 

1740 

10000 

50000 

100000 

200000 ! 

Dimension of core, cm .. 

4.65 

2.51 

2.41 

2.14 

2.06 

2.0 

Weight, kg. 

19.5 

3.05 

2.7 

1.9 

1.7 

.1.5 

Volts per turn j 

Per cm 2 of iron j 

0.04 

0.47 

0.56 

0.92 

1.08 

1.22 

Core loss. 

120 

156 

92 

56 

54 

52 

7 2 R . 

450 

70 

62.4 

44 

39 

35 

Efficiency. 

90 

96 

97 

98.1 

98.2 

! 98.3 

Per cent magnetizing cur¬ 
rent . 

5 

5.6 

1 

2.9 

1.73 

1.5 

1.3 


are lighter and more efficient at the higher frequencies. In 
order to examine the usefulness of iron for transformer design 
from the point of view of this rule a series of transformer designs 
have been made on the basis of the measurements of the skin 
effect and core loss. It might be expected that there would be 
found a turning point in the usefulness of iron, but actually it 
appears that the rule holds true at 200,000 cycles and probably 
a good deal higher. 

The series of transformer designs shown in Table III is made 
on a purely theoretical basis so as to illustrate the magnetic 
properties of iron on a uniform plan. Considerations that would 
be involved in a practical design such as insulation and capacity 
between turns have been left out entirely. All the designs have 
the same proportions of core and winding space and the heating 
is figured uniformly on the basis of one watt per square inch 
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(0.1 of) waft per an,") fur radiation uf tIn* c«*re f rf#tn | | H , 
surface of the iron. The insula! ion bet wren laminations has 
been assumed to he one-half of the thickness of the sheet. The 
current density in the winding is assume*] is* he ;>U00 amperes per 
square inch (470 amperes per euvj the cupper occupying one- 
third of the winding spare. The calculations show that f he 
200,000-cycle transformer has an astonishing! v low weight 
and is very efficient, whereas, the 00 cycle transformer huilt on 
the same proportions is too inefficient to he acceptable and al¬ 
though it weighs twelve times as much as the 200,00fhcyele t ran*- 
former it should weigh a good deal more in order to reaeh a rea¬ 
sonable efficiency. It should also he noted that, the 200,000. 
cycle transformer, in spite of its skin effect, has a magnetizing 
current of only 3LJ$ per cent, whereas the magnetising current 
would be about 40 per cent if the core was removed, These 
figures are not given in order to advocate the use of iron trans¬ 
formers to the exclusion of air core transformers for special 
purposes where such apparatus is used but are simply intended 
to show that high, frequency transformers can be huilt. with 
iron and would compare very favorably in weight and efheieney 
with transformers for ordinary frequencies. 
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Discussion on Magnetic Properties of Iron at Frequencies 
up to 200,000 Cycles.” New York, November 10, 1911. 

Harold Pender: I should like to call attention to the fact 
that the results of this paper are confirmed by some experiments 
which were performed at the Institute of Technology last year 
under my direction by F. B. Silsbee. The method used was 
entirely different. For the high frequency generator we used 
an arc giving a frequency something like 200,000 cycles per 
second. This frequency was impressed upon a primary winding 
on a small iron core made up of very fine iron wire, and the 
electromotive force induced in a secondary winding on the same 
core was measured. This secondary induced electromotive force 
was also calculated on the assumption that the true permeability 
is independent of the frequency. In making this calculation the 
proper allowance was made for the non-uniform distribution of 
the flux in the core, usually referred to as the magnetic skin 
effect. The measured and calculated electromotive forces 
were found to agree quite closely. 

B. A. Behrend: This paper is interesting in bringing again 
to our attention the question of high frequencies, a question 
which 20 years ago was perpetually under controversy. The 
paper of this evening is extremely instructive, although I regret 
that the able author does not strongly bring out the fact that, 
as far as fundamental laws and principles are concerned, the 
problem confronting the physicist or the electrical engineer, 
whether frequencies of 10 cycles, 25 cycles, 60 cycles, 120 cycles, 
or 100,000 cycles are involved, remains exactly where it was 
before; in other words, the permeability of iron as such remains 
unchanged independent of the frequency. This fact has, I be¬ 
lieve, been known for some time. The high frequency induces 
vitiating factors which make it appear as though the permea¬ 
bility of iron were different for different frequencies, which it is 
not. 

There is another point in the paper on which I wish to comment 
and that is the point of efficiency of high frequency apparatus. 
The apparatus may have a high efficiency, as the author has 
stated, but the apparatus is useless in its present form for 
practical applications other than wireless telegraphy, because 
of its want of regulative properties; in other words, a transformer 
or a generator of high frequency, though its efficiency may be 
entirely satisfactory, is an inferior piece of apparatus, in fact, an 
impossible piece of apparatus for the operating conditions re¬ 
quired by the use of current-consuming devices of low power 
factor. 

The statement which I have made is of a certain measure of 
importance and of interest to those of us older men, who argued 
in former years strongly in favor of lower frequencies in order 
to be able to design satisfactorily transformers, generators, and 
motors. The higher efficiency of the high-frequency transformer 
may be a great desideratum, yet its lack of regulative properties, 
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owing to tlie high frequency, makes if. an impn 
a i)p;t rat.us f < >r nu »< lorn power platif s. 

Charles P. Steinmetz: The importamv of :! 
to me twofold; first, in announcing the . uivt 
an alternator capable of general mg at 2U0,IMM| e 
difficult, from the mere manlier, to realize win 
means. We wen* very proud when we succeeded in 
10,000 cycles, one t wen!ief h of that f requeues, 
realize that 200,000 cycles is 10 times a Inch a fret pa 
highest frequency at whieli sound is audible; idle pirn 
the ear fails is 1,40 of this frequency. The mop pi 
search instrument, we have, the oscillograph, fat 
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frequency, and even at 5,000 cycles if give 
without shape or eharacteristic. 

If we would send a nirivnt of 200,000 v 
duetor, we would find that while the eurrv 
duetor at one point, only 2,000 ft, awn 
flowing in the opposite direct ion, is half a 

zero 1,000 ft. away, at t he center, and when I lie current Pup: 
at one point, it is still maximum only 1,000 ft. avvav. 

The second important feature of the paper is the information 
it gives us of the behavior of iron at I he ,«* estn meb IT h ire 
queneies which, are far beyond any machine frequence ever 
produced, hut which are the frequencies of mdu trial importance 
in our wireless telegraph and telephone system:;. The paper 
gives the quantitative values, showing, that the permeability 
ot iron at these frequencies is unchanged, and furthermore show ¬ 
ing that with commercially practicable thickness of iron, while 
the eddy currents in the iron are formidable, still f he effective 
permeability is I HO times that of air, that is, iron is pill ISO 
times as good as air as the core for a 200,000 evele t rate-former 
or reactive coil. 

1 his may have an industrial value bearing in wire lea.; ap 
paratus. As you know, in wireless systems we transform the 
energy produced by tlx* oscillating discharge from the voltage 
ol the genetator circuit to the mueli higher voltage impressed 
upon the antenna, by a transformer or auto -4raimformer. which 
is an, ait core apparatus. In these eases we deal not with alter- 
nating voltages, but wit.h oscillating voltages*, Indus <4 wave: 
which guidually, and usually quite rapidly, decrease in ampliftah 
and then die out. The important problem, then, is to prf flu 
rate of dying out, the attenuation of the wave*:;, ax low as possible 
to get as well sustained waves as, possible, that is, to reduce t hi 
losses m transformation. 

Iron has not pirn used in these transformers, not always 
because people did not believe iron would follow the fre<jueucy, 
but because the general impression is that the losses in the iron! 
even when as thin as commercially feasible, would be so formi<la’ 
bio as to greatly increase the attenuation, inere; 
of dying out of the wireless wave. 


reuse the rapidity 
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As to the question of the magnetic action of the iron, the ap¬ 
parent permeability, I estimated theoretically, some years ago, 
the frequency at which the apparent permeability of iron, as 
affected by the eddy currents in the iron, would become inferior 
to air, that is, at what frequency the permeability would drop 
down to one, and I found this frequency to be of the magnitude 
of hundreds of millions of cycles, that is, up to a hundred million 
cycles iron still increases the magnetic flux, when using the 
thinnest feasible commercial sheet iron. But long before that, 
while the iron still increases the magnetic flux, it also increases 
the loss, and the increased loss, increased attenuation of the 
wave would make it useless. 

Mr. Alexanderson’s investigation gives for wireless frequencies, 
200,000 cycles, definite numerical results of the apparent permea¬ 
bility, and shows this to be of the magnitude of 180. Thus iron 
is 180 times as good a conductor of magnetic flux as air, and in 
such transformers the losses in the iron are of the same magnitude 
as the I 2 R loss. If we would redesign this iron core transformer 
tentatively designed by Alexanderson, to eliminate iron, using 
an air core, then the section of the air core to carry the same 
magnetic flux would have to be 180 times the size of the iron core 
us ed; that is to say, the length of the coil would have to be 
\/180 = 13 times as great; and to save half the loss, the core loss 
in the iron, we would have to increase the other half of the loss, 
the P R loss, 13 times. 

So you see this investigation seems to show that by using an 
iron core of proper proportion, at wireless telegraph frequencies, 
we can materially improve the efficiency of the transformer or 
auto transformer, and so reduce the attenuation of the oscillating 
wave, and that is the problem of the power in wireless telegraphy. 

Naturally, this design may be more or less, possibly materially 
modified, by the problem of the voltage that we have to generate, 
and the necessity of insulating for the voltage, which must be 
taken into consideration; but in general it seems from the con¬ 
clusions of this paper that there should be a material advantage 
in wireless telegraphy in using iron core transformers, or auto 
transformers, instead of the air core apparatus used at the present 
time. 

Reginald A. Fessenden (communicated after adjournment): 
For long it was supposed that iron lost its permeability at high 
frequencies, and was not able to respond quickly enough. This 
theory was a plausible one if Weber's theory that magnetization 
was due to currents circulating round the atoms, or if Kelvin and 
Maxwell's dictum that the electromagnetic rotation of light 
demonstrated conclusively that, to quote Maxwell, “ some phe¬ 
nomenon of rotation is going on in a magnetic field ", be accepted. 

But about 1890 or earlier J. J. Thomson had shown that iron 
had a permeability of at least 200 for frequencies of 1,000,000 
per second, by measuring the velocity of propagation of an 
electric wave along an iron wire. In March 1895 the writer 
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showed that, the phenomena of magnetism rmtld hr explained 
hoth qualitatively and quantitatively by the theory that ionir 
charges, or electrons, circulated round the molecule with the 
velocity of light and that the maximum ferric mdm tiou so cal¬ 
culated agreed very closely with that bmnd experimentally. 
Also, in March HHH) l/V/vi. Rev,) the writer allowed that the 
mathematical work on which Kelvin and Maxwell based l heir 
conclusion was erroneous, in that the fundamental a-aimpt inti;, 
made virtually implied a theory of matter which was not in ? died, 
and that furthermore electromagnetic rotation could be mat he 
matieally deduced from the equations for an elect ric wave tut mg 
through an absorbing medium, without any assumptions as 
regards the nature of matter or of rotation, being a nccrvan 
consequence of the* lag produced in the wave by the absorption 
and the presence of electrons. 

Theory and J. J. Thomson's results were thus m agreement, but 
to what extent was unknown, St am* experiments made with 
arc-produced high frequency currents in HHH allowed that the 
permeability of iron was of the same ortlvr a *for !u\v frequencies, 
but; it might be a fifth as much or live times a much, for are 
produced high frequency currents, are very unreliable, even when 
apparently continuous, having sometime;-; as much as ad per 
cent of the waves missing, and also fluctuating o much in fre¬ 
quency as to make it absolutely impossible to get any accurate 
quantitative results. { Land, Elerfru itnu In b, la, HJ07, Later 
confirmed by Fleming.) 

Mr. Alexandorson\s results form therefore' the first definite 
and dependable knowledge* in regard to this subject, and the 
paper is remarkable, both for its general intere 4 and its scientific 
and practical importance. Workers with high frequency cur 
rents can now go ahead with confidence and use iron without 
fear. It will undoubtedly come ink* use as transformers, rs 
peeially with the heterodyne system, where the electrostatic 
inductance bet ween primary and secondary is of no importance 
and the shortening of the wave length along the wire winding 
does no harm, but may even in eertain eases, be advantageous, 
I am able to confirm Mr. Alexanders*nTs statements as to the 
accuracy of the method used for measuring the power lost, 

F. B* Silsbee (communicated after adjournment I: In eon 
auction with Mr. Alexanderson*s paper I would like to give a 
brief account of an investigation along similar lines which I ear 
ried^on during the winter of HHU11, at the Massachusetts 
Institute of Technology, under the direction of Professor Pender, 

The object of the* research was to deride whether or not iron 
can, respond magnetically to a very rapidly alternating magneto 
motive-force. Especial care was taken to arrange tin* condit ions 
of the experiment so that they wouhl be amenable to matin- 
matical analysis, and all disturbing factors could be allowed for, 
The method used was quite different from Mr, Alexanderson*s, 
as the specimens were magnetised by a primary winding, and the 
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jlux determined by measuring the voltage in a secondary winding. 

Io allow tor the magnetic “■ skin-effect M a careful mathematical 
analysis was made which took into account the effects of both 
eddy-currents and hysteresis. The assumptions it was necessary 
to make were; first, that the hysteresis loop, traversed by the iron 
during a complete cycle, was a simple symmetrical loop having 
the equation 


Au 11 B 
\ v B„ 
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m.m.f. per em. at any point. 
vt >rresp< aiding ilux density, 
max. value of II during the cycle, 
value of H corresponding to II ~ 
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B at HO 
" ft at.// ■” //„' 

and second, t hat fx and v were constant and independent of /7 {) . 
The iron used had been hardened in drawing so that the maximum 
permeability was only about. 7(H). It, was, however, very well 
suited for this investigation as ft was practically constant at 
HO for values of //», he I. ween O and H.f> e.g.s. units, v also was 
practically constant over this ranges Prom the above assump¬ 
tions it can be proved that the secondary voltage is of the form 

K, • ■ M\s co I \B f x/ A +j (A - v B )| (2) 

where J/„ mutual induetanee 1 n*tween the two windings at 
low frequency. 

co 2 tt times the frequency. 

/ primary current. 
j " v 1 

A and B are functions of the radius of the core, the conduc¬ 
tivity, permeability and hysferetie constant of the iron, and of 
the frequency; and are expressed as a rather complicated series. 

The secondary voltage was measured by an alternating cur¬ 
rent modification of the potentiometer method, so commonly 
used in direct current work. A variable inductance and re¬ 
sistance were connected in series with the primary winding, 
and the secondary winding was connected, in series with a 
suit aide detector, so that its voltage was opposed to the IZ 
drop in the impedance. The inductance and resistance were 
both adjusted until there was no current in the detector, thus 
eliminating any demagnetizing action from the secondary coil. 
Then from the known values of the resistance and inductance, 
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and the primary current, as measured by a hot-wire ammeter, 
both the magnitude and phase relation of the secondary voltag<* 
could be computed. 

The high-frequency current was obtained from a IVmbeu are 
formed between copper and carbon eleetrod<.> in an atmosphere 
of coal gas. The arc was supplied with 220 volts direct current, 
and gave about two amperes at 350,000 cycles per second. The 
frequency was measured by the use of a rest mating circuit, 
loosely coupled inductively to the primary circuit and containing 
inductance and capacity in series with a detector, Tim reso¬ 
nating circuit was adjusted for maximum current, and the 
frequency computed from its constants by the formula, 

, 2 7r 


The detector used in this and also in measuring tin* voltage 
of the specimen was a thermo-couple heated by the passage* of 
the high-frequency current, and connected to a low rod nan re 
D’Ars on v a 1 galvanometer. 

Four specimens were used, made up of tint* iron wire 0,00‘J, 
0.005, 0.004, 0.002 in. (0.228, O.I27, 0,101, 0.050 mm. i in diarn, 
respectively, liaeh size of win* was wound into a ring of circular 
eross-seetion about 8 cm. in diameter, and having a total sec¬ 
tional area of iron of about 0.2 sq. cm. (Jreut care was taken in 
insulating between adjacent, wires. The material was passed 
through thick shellac, and thoroughly dried by a blast of hot air 
before being wound into the ring’ The elect Heal resistance 
between the ends of the iron wire after winding was practically 
that computed from its length and resistivity, thus showing, 
that there could be no short circuit between turns. 

, It will be seen from equation (2) that when the potentiometer 
circuit is balanced 

L -- Af„ („4 v Ii) 

R — M „ a) (H ( v A ) 

1 his was found to bo. the case in most of the measurements to 
within 3 or 4 per cent which was tin* limit of precision of the 
measurements. This shows that the true permeability u is 
unaffected by frequency up to 350,000 cycles, at least over the 
iange of II used. In some cases there were quite wide dec 
crcpaneies but it is probable that they were due, at least in part 
to the rise in temperature as suggested by Mr. Alexanderson! 
I he observed values of the energy component were uniformly 
low, which suggested that possibly the hysteresis loss per cycle 
might be less at the higher frequencies, when tin* molecules’are 
subjected to such rapid agitation. Such a decrease in hvsterc* is 
has been suggested by Ewing, Lodge and others. It would be 
interesting to know if Mr. Alexauderson has separated his core 
losses, so that this fact could be determined. 
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METHODS OF VARYING THE SPEED OF 
ALTERNATING-CURRENT MOTORS* 

BY GUS A. MAIER 

Electrical developments of recent years have been toward 
the extension of the use of alternating currents in every field 
where practicable, due to the advantages of distributing sys¬ 
tems and the simplicity of the induction motor. For constant 
speed work, the field is well covered by the squirrel cage and 
polar wound motors. Various methods have been proposed for 
varying and adjustable speed work and this paper is to discuss 
the methods used and proposed. 

Varying Speed 

For varying speed work the following types of motors have 
been used. 

Induction, 

Squirrel cage (resistance control). 

Squirrel cage (compensator control). 

Double squirrel cage with one movable stator. 

Sliding armature. 

Polar wound armature. 

Commutator . 

Repulsion (resistance). 

Repulsion (brush shifting). 

* A number of papers have been written on the individual methods of 
varying the speeds of alternating-current motors. No effort has been 
made to go into details of design or to discuss broadly those subjects 
which have recently been treated. Free use has been made of papers 
and all articles referring to this subject. This paper covers in a general 
way the methods of varying the speeds of alternating-current motors. 
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For adjustable speed work the following have been used: 
Inductio?i. 

( Pole changing. 

Frequency changing. 

Cascade. 

Commutator. 

Shunt repulsion. 

Induction in connection with shunt repulsion. 

Induction Motors . The two principal methods of obtaining 
varying speed with induction motors are; first, primary control 
(varying the stator voltage of a motor having a high resistance 
rotor); and second, by secondary control (varying the rotor 
resistance). The first can be subdivided depending on whether 
the variation in the stator potential is obtained through a com¬ 
pensator or a resistance in the primary circuit of the motor. 
The starting torque of an induction motor is equal to 



Where K = a constant. 

E = applied voltage. 

ri = rotor resistance per phase. 

Z = total impedance. 

.E 

The starting current is equal to -^r. 

The running torque is equal to 

Kr.+Sr^+S 2 ^] 


Where X = total reactance. 

r = stator resistance per phase. 
s = slip. 

It is thus directly dependent on the rotor resistance, the slip 
and the square of the voltage, and inversely on a function of re¬ 
sistance, slip and reactance. 

Fig. 1 gives a comparison between the percentages of full¬ 
load torque and current at various percentages of synchronous 
speed for the two methods of speed variation. For full-load 
torque at starting, 2\ times full-load current is taken from the 
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line with resistance control and 1.4 times full load current with 
compensator control. 

A squirrel cage rotor designed for this service is necessarily 
•very expensive, as the losses necessary to obtain the reduced 
speeds are all within the machine and, therefore, a large motor is 
necessary. Compensator control is complicated and expensive, 
owing to the fact that the compensator coils must be cut out and 
cannot be short circuited, as is the case with rheostatic control. 

The sliding armature control, in which the rotor is displaced 



horizontally with respect to the stator and the double squirrel 
cage with one movable stator have the same limitations and 
characteristics, as noted above. 

_ The polar wound induction motor with variable rotor re¬ 
sistance is best adapted to variable speed, as the losses necessary 
to obtain reduced speeds are external to the motor itself. The 
primary current is approximately proportional to the torque, 
full load for full load torque. See Pig. 2. 

The main objection to this type of motor even though the 
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speed characteristics are satisfactory is the efficiency at reduced 
speed, the efficiency being reduced in direct proportion to the 
reduction in speed. 

By comparing Fig. 1 and Fig. 2, you will note that in curve 
No. 3, the torque per ampere is the same for all three methods 
of control. This is because the total resistance in the polar 
wound rotor circuit, on this point of the controller, is equal to 
the resistance of the high resistance squirrel cage motor. It is of 
further importance to note the very much better inherent speed 



regulation of the polar wound motor over other methods of con¬ 
trol. 

- Referring to Fig. 3 it is important to note the advantages of 
the polar wound equipment as compared with the other two 
methods. The current taken from the line is less, the power 
factor higher and the efficiency high throughout practically the 
entire range. Furthermore, the slip is less; the final slip shown 
by the resistance and compensator control is due to the use of 
high resistance squirrel cage windings. 
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Commutator Motors. The operation of single-phase alter¬ 
nating-current commutator motors can be explained in a simple 
manner by comparison with direct-current commutator machines. 
In each direct-current machine, the torque is developed by the 
resultant of the current flowing in the armature bars and the 
field in quadrature thereto. In case such a motor is supplied 
with alternating current, then also a torque will be exerted. 



PER CENT SPEED 

Fig. 3 

Due to the alternating nature of the current and voltage, both 
field and armature current will fluctuate, passing through all 
intermediate values between maximum and minimum, and a 
pulsating instead of a constant torque will exist. In case field 
and armature circuit has been connected in series, the variation 
of the instantaneous values of field and armature current will 
be in complete time phase and the torque will never reverse; 
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lor a. reversal of torque, it being necessary that either the diree- 
tion of the field or the direction of tin 1 armature current 1m* 
changed, as is known from direct current practice. The possi¬ 
bility of driving a direct-current motor with alternating current 
was discovered by Dr. Louis Duncan.* By connecting the 
field and armature circuits in multiple, the torque will be eon- 
sideiably reduced, the current in both circuits differing in time 
phase, due to the difference of the self inductance of the two 
circuits. Hence, it even can happen that at the moment the 
aimature current has just passed through its zero value, the 
torque is reversed. In a direct-current machine from’ the 
magnetic lines interlinked with the armature conductors, a flux 
will result, which is in quadrature to the field when the brushes 
are standing in the neutral. This flux decreases the perfection 
of the operation by distorting the shape of the main field and 
by inducing in the windings—short circuited under the brushes • 
and c.m.f. of rotation which can give rise to sparking. In 



modern direct current design, the armature flux usually is 
compensated by a special compensating winding <>r by interpolcn. 
With alternating-current, motors such a minpensaf ing winding 
is rarely omitted since the armature flux in this case also lowers 
the power factor by inducing a reactive voltage. This will be 
readily understood by considering that in an ordinary induct inn 
motor, the reactance is nearly exclusively caused by leakage 
lines inside the slots, from teeth to teeth and around the end 
connections, while in a commutator motor, the number of leakage 
lines is largely increased by the flux which finds a path of low 
magnetic reluctance in the field core. By using a cylindrical 
core instead of polar field, the influence of the armature flux is 
mcieased. I he compensation of the armature flux can be ob¬ 
tained in the same way as the direct-current motors, by con¬ 
necting the armature and compensating winding in series 
(Compensatio n by conduction). See Fig. 4. 

* See Transactions A. f. B. f.\, (888, VoL V, p. 211. 
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The compensating winding can be closed upon itself in which 
case the compensation is obtained by induction as shown in 
Fig. 5. Compensation by induction is also possible by con¬ 
necting field and compensating winding in series, in which case 
the armature current is induced in the short circuited armature, 
Fig. 6. 

With the arrangement according to Fig. 5, the e.m.f. induced 
in the short circuited winding equals the product of current 
times impedance, while in the arrangement according to Fig. 6, 
in addition thereto, there has to be transferred from the com¬ 
pensating winding into the short circuited armature winding, 
an e.m.f. which is balanced by the e.m.f. generated by rotation of 
the armature conductors in the magnetic field. 

Fig. 6 at the same time represents a type of repulsion motor, 
which, in its original form, as invented by Elihu Thomson in 
1887, has but one stator winding, the axis of which, is displaced 
over a certain angle to the axis of the brushes. (Fig. 7). In 



Fig. 6 Fig. 7 Fig. 8 


this case, in order to investigate the operation of the machine, 
we can always replace this single winding by two imaginary 
windings, so as to have the conditions outlined in Fig. 6. 

Instead of providing on the stator both the field and the com¬ 
pensating winding, as outlined in Fig. 6, the field winding can 
be omitted if we place on the armature two brushes in quadrature 
to the short circuited brushes, and connect the compensating 
winding in series with the brushes, which may be called field 
brushes. (See Fig. 8.) 

This arrangement covers the principle of the compensated 
repulsion motor, which was invented by Winter and Eichberg 
in Germany, and La Tour in France. In any motor, in which 
the armature flux is compensated by induction, the compensating 
winding and armature winding act as the primary and secondary 
of a transformer. Hence, as in any transformer, a flux lagging 
over 90 deg. in time phase behind the primary energy current 
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will exist. This flux, which may be called “ cross flux " can 
made effective in improving the commutation of the annul 
current. In the compensated repulsion motor, apart from t. 
effect, the cross flux generates an e.rn.f. of rotation wh 
compensates the self induction of the armature field circuit a 
also of the stator winding when connected in series to the arn 
ture field winding. When bearing in mind that between t 
brushes of a revolving armature, only an e.rn.f. of rotation ean 
induced by a field winding, the axis of which is standing 
quadrature thereto, and that this e.rn.f. will .always he in tii 
phase with the field current in which the armature is rotate 
it will be understood that between the exciting brushes only t 
cross flux interlinked with the compensating winding can indi: 
an e.rn.f. of rotation, and that between t he short, circuited oner 
brushes, only the flux interlinked with the armature field wind! 
can induce an e.rn.f. of rotation. Apart from the above m 
lined improvement, resulting from the introduction of fa 
brushes on. the commutator, the compensated repulsion mot 
does not differ from the other mentioned types of single pita 
commutator machine. 


Io supply a motor with energy current, counter e.iti.fs. ha' 
to be overcome. Of these, there are both useful and hannl't 
Of the useful there is chiefly the back e.rn.f. induced in the rot, 
by rotation in the motor field, lor the motor output is propn 
tional to the product of this e.rn.f. and the energy curren 
On the other hand, the counter e.rn.f. of self induction of tl 
rotor winding is injurious and can practically prevent any aj 
preciable energy current flowing. It. is, therefore, necessary" i 
neutralize the inductance of the rotor winding along the brus 
axis and reduce the inductive pressure to a minimum. This 
accomplished by means of a compensating winding on the st.ato 
the axis of which is arranged along the brush axis. ’ The windiu 
is traversed by the rotor current or current proportional to t in 
and serves to neutralize the armature field, the effective amper 
turns being adjusted to secure this result.. Thus we see that th 
compensating winding is an essential part of the commutate 
motor and the same can be either a separate winding or combine, 
with the exciting winding. 


.Hence, in regard to speed control, the motors covered lr 
Fig 4 to Fig. 8 can all be considered as direct current serie-' 
and the method used for speed regulation of the same ean b. 

applied. 
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Primary Voltage Control 

Assuming constant torque, in which case the current has to 
be constant, the e.m.f. induced between the armature energy 
brushes will increase in the same ratio as the speed. Hence, 
since the requirement has to be fulfilled, that the voltage applied 
to the armature (either by conduction or induction), be equal to 
the resistance drop and the e.m.f. of rotation; the voltage applied 
to the terminals has to be raised in order to reach this condition. 

y connecting the terminals of the motor covered by Figs. 4 
to 8 to a transformer with variable taps or to an induction 
regulator, the applied voltage can be changed and the speed 
regulation obtained. The principle has been demonstrated 
m Fig. 9, for compensated series motor according to Fig. 4. 

Primary Resistance Control 
Instead of using a transformer with variable ratio of trans¬ 
formation, the reduction of the voltage can also be obtained 




by inserting resistance between the line and the motor ter min als 
This method is less efficient than the former, however, due to 
simplicity of the required control apparatus, can be used for 
small units and control during short periods. 

Field Control 

By connecting in parallel to the field variable resistance or by 
connecting the field to the secondary of the series transformer 
with variable taps, the ratio of field current to armature current 
can be changed and thus, the speed of the motor would be 
regulated. 

Armature Voltage Control 

This method is in principle the same as the methods described 
under the heading “Primary Voltage Control ”, the only dif¬ 
ference being that the armature is directly connected to the 
secondary of a transformer, which is laying in series with the field 
winding. (See Fig. 10.) 










2464 


M A I Eli: SPEEDS OF A-C. MOTORS 


[ 1 >ec 

Brush Shifting 

The brush shifting commutator motor is built both single an 
three-phase. On account of simplicity, the single-phase will h 

described. 

The single-phase motor of this type is known as the Dei 
type or modification thereof, and is used tor hoists, railway work 
and in fact, such places where a motor with series characteristic 

is applicable. 

The torque of a motor depends on the diameter and axu 
length of its rotor, on the number of conductors, the eurren 
and the field. The torque is commonly varied by variation 
in the current and field strength, but in this type of repulsio 
motor provided with brush displacement gear, it is also possibl 
to vary the ratio of active field conductors to active rotor cor 
due tors. 

By shifting the brushes out of the neutral, that is, by reduein 



Pig. 11 Pin. 12 Pm. Ki 


the number of active conductors in which an e.m.f, is induce 
by rotation with the same field strength, the speed has to 1: 
increased in order to induce the same e.m.f. of rotation whir 
again has to balance the energy voltage. 

In regard to brush shifting, special reference should be mad 
to the motor according to Fig, 7, and which again has bee 
represented in Fig. 11. 

If the line of the brushes makes an angle A with the axis of tl: 
main winding and A T m(iX represents the total magnetomotD 
force yielded by this winding, then we can resolve A T max int 
two components, one A Tam being along the line of the brush< 
and A Tfi e u at right angles to this line. By shifting the brushes 
we increase one of the components and simultaneously deereas 
the other. There arc two positions in which the torque vanishes 
that is, for A equals zero, in which case the field is zero, and for < 
equals 90 degs., in which case the armature current is zero. I 1 
ca.se A equals 20 to 30 degs., the torque will be maximum. 
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Since the motor, according to Figs. 7 and 11, is very sensitive 
in regard to the position of the brushes, an arrangement has been 
made for reducing the effect resulting from a certain displace¬ 
ment of the brushes. 

Fig. 12- represents this arrangement for the Deri motor, 
which has four brushes for two poles, two of which are stationary 
and Bs2) and two movable (Bml and Bm2). Assuming 
that the position in which the line of the brushes Bml, Bm2 
falls along the line of the brushes, .Ssl, Bs2 corresponds to a 
certain speed, then after the brushes have been shifted over an 
angle 2A, according to Fig. 12, the axis of the armature will 
have been shifted over an angle 1 A only. 

LaTour has proposed a scheme also with four brushes for two 
poles, which, however, in this case are moved simultaneously, 
keeping the same relative position to each other. In this case, 
a part of the armature, i.e. } the conductors between the brushes, 
Bsl and Bm2 are always ineffective in regard to generation of 
e.m.f.,. whereas with the Deri motor, this part is ineffective at 
certain speeds only. The advantage of the arrangement 
according to LaTour is that the brushes are standing in such a 
position that less trouble is caused by induction of an e.m.f., 
which affects the commutation of the short circuited coils under 
the brushes. 

* The importance of the brush shifting motor warrants further 
consideration and we may consider the theory of operation in a 
different manner. Let us suppose the rotor winding replaced 
by two equivalent windings, which are in space quadrature, 
and which, while independent of each other magnetically, 
must be regarded as electrically connected in series. (See 
Fig. 13.) 

The magnetic axis of one winding is coincident with the axis 
of the stator poles, while the axis of the other winding is in space 
quadrature with the stator poles. The first winding alone is 
subject to the inductive action of the stator flux and plays the 
part of the secondary of a transformer, of which the stator wind¬ 
ing forms the primary. This winding will be called the trans¬ 
former winding—the secondary winding may be termed the 
quadrature winding. Any flux produced by the current in the 
quadrature winding will be in time phase with the current in the 
transformer winding and will produce accelerating torque at 
the rotor. 


See the Electrician, London, January 3, 1908. 
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Figs. 14, 15 and 16 indicate three positions of the brushes and 
show the equivalent connection for the transformer and quadra¬ 
ture windings on the motor. Both when the axes are together 
and when they are separated by 180 space* degrees* the torque 
is zero. In the former case, the transformer effect is zero, while 
in the latter case, there is no quadrature effect. 

Under speed conditions, there are produced t w<» e.m.fs., 
which affect the value of the secondary current, and therefore, 
alter the torque, which for each position of the brushes varies 
directly with the square of the current in tin* armature. One 
e.m.f. appears at the transformer axis and the other at the quad¬ 
rature axis—the former is proportional to the produet of the 
speed and the quadrature (lux, and the latter varies directly with 
the product of the speed and the transformer flux, these two 
e.m.fs. have such values and time-place position ax to tend to 
decrease the armature current, with increa.se of speed. 



With constant primary voltage at any given speed, the 
current and torque can be varied over a wide range by merely 
shifting the brushes, as explained above. 

It will be seen from the above that the machine possesses the 
speed, current and speed torque eharacteristJcs of the direct- 
current series motor. 

In general it can bo said that a motor laid out for brush shift 
has to be built of larger size than one with stationary brushes. 
Considering that the ratio of the cost of the control apparatus 
to the cost of the motor is, with certain exceptions, smaller in 
proportion for large motors than for smaller ones, it would 
appear that the necessity of increasing the size of (lie motor 
in case brush shifting be used, for small motor applications, less 
increase in the total cost of the equipment than by using con-* 
trollers and transformers. 
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Multispeed* 

The induction motor as usually spoken of is primarily a 
constant speed motor. Where variable speed is required a 
motor with collector rings is used, the speed variation being 
produced by varying the amount of resistance in the secondary 
circuit. 

Many times it so happens that two or three speeds will be 
satisfactory for the operation of the machinery and these speeds 
must be independent of the load. Under such conditions, multi¬ 
speed motors can frequently be used. 

In these motors the different synchronous speeds are produced 
by changing the number of poles in the magnetic circuit. Each 
of these speeds is fixed, if no resistance is used in the secondary 
circuit. With multispeed motors, as with single speed motors, 
resistance may be used in the secondary circuit for varying the 
speed. 

A change in the number of poles may be produced in any one 
of the following ways: 

1* By the use of single magnetic and electric circuits, changing 
the number of poles by regrouping the coils. 

2. By the use of single magnetic circuits and independent 
electric circuits. 

3. By means of separate magnetic and electric circuits. 

1. Single Magnetic and Electric Circuits. Where two speeds 
only are required and those of ratio 2:1, the motor with single 
magnetic and electric circuit is admirably adapted, due to eco¬ 
nomical use of material, all of which is active at both speeds and 
simplicity of pole changing, six leads only being required for two 
or three-phase motor. For any ratios other than 2:1, the switch¬ 
ing and wiring becomes more or less complicated, the ordinary 
three-phase winding requiring 33 leads and two-phase requiring 
16 leads. 

2. Single Magnetic and Independent Electric Circuits. Where 
speed ratios other than 2:1 are required it is much more practi¬ 
cable to use independent electric circuits. These motors, having 
independent windings, have three leads for each speed in the 
stator for three-phase motors and four for two-phase motors. 

Theoretically, it is possible to obtain a number of different 
speeds, but is usually impracticable to use more than two wind- 
ings. _ 

* See Transactions A. I. E. E., 1908. Articles by H. G. Reist and 
H. Maxwell and H. C. Specht. 
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Obviously, it is possible lo combine ! ami thereby obtain 
four speeds requiring twelve leads for a t wo * <v Min e jiha e mol 
In a motor with 2:1 speed ratio, using single magnetie ; 
electric circuits, the material is used to the best advantage wl 
the output at low speed is approximately one half of that a! 
highspeed. It is possible, however, to vary Me output at 
low speed over a wide range depending upon the eotmeetii 
employed in the primary. 


Speed 

Cuimeetifm 

X p|Ms\ 1 1 . f. i;;S '4 % 

(1) 100 

2 circuit delta 


50 

V delta 

! J 

(2) 100 

2 circuit V 

1 ♦« f 

50 

1 circuit V 


(3) 100 

2 circuit Y 

!M*J 

50 

1 circuit delta 

i\h 

(4) 100 

1 circuit d* it.» 

f * # ♦ 

50 

2 circuit, V 

1i; 

(5) 100 

1 circuit V 

if»f 

50 

2 circuit V 

ridel 

(0) 100 

V del tu n 

if'Ht 

50 

2 circuit delta 


. 




From this table it will be seen that there is a wide range 
choice of outputs. These combinations are often valuable 
order to maintain good efficiency and power factor at the < 

sired loads. 

Motors of this type are adapted for driving machine ton 
printing presses (certain eases only), pumps, blower., etc, 

3. Separate Magnetic and Electric Circuits , f, Casuulrj,. Mul 
speed motors as iefetred to under (1) and (2) become obg 
tionable in the larger sizes, especially where it i. desirable 
change speeds frequently, or it is objectionable to open the p 
mary circuit. 

Where two- or three-speed motors of very low .peed a 
required, two motors operating in concatenation should be us 
since the ratio of the diameter to the length of the changea! 
pole motor becomes very great,, resulting in exce.v.iveiv hen’ 
construction to secure the necessary rigidity, and high cost 
With the concatenated set, one motor operates alone to obta 
either of the high speeds and the two motor, operating 
concatenation for the low speed. These sets are also design, 
for operation at variable speed in addition to the fixed speeds. 

For the concatenated connection, they are generally of t'| 
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polar wound type, although the last motor of the set may be of 
tlie squirrel cage construction. The rotors are usually mounted 
on the same shaft, making a two unit set. The primary of the 
first motor is connected to the source of supply at its secondary 
to the primary of the second motor, as shown in Fig. 17. 

Considering two single-speed motors to comprise the set, the 
maximum number of speeds (not including resistance steps) 
obtainable is four, tw^o of which consist of either motor with its 
primary connected to the line and secondary short circuited, the 
other two being obtained by direct and differential concatenation. 

Two motors are connected in direct concatenation, if they have 
a. tendency to start in the same direction and differential con¬ 
catenation, if they tend to start in opposite directions. 



Synchronous speed of motors in concatenation is as follows: 


Speed = 


Cycles X120 

p7±pT~ 


Pi = poles motor A. 

P 2 = poles motor B. 

-Plus sign to be used when motors are in direct concatenation 
and minus when in differential concatenation. 

Where more speeds are required, it is possible to use three 
motors, but the cost becomes prohibitive and switching com¬ 
plicated. A much better and cheaper proposition is to use one or 
two, two-speed motors, depending on the number of speeds 
.required. 

The operation and control of the cascade set is simple, espe¬ 
cially for direct concatenation. 

With the multispeed (pole changing) motor in changing from 
-one speed to the other, it is necessary to open the primary 
circuit; this may be obviated in the cascade sets by introducing 
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resistance in the leads between motors -1 and /*. thin re .i dutiee 
to be cut in or out step by step, in changing iron, one ■ peed to 

the other. Pig. IS. 

In the concatenated motor, speed reduces somewhat a. an 
lows: With the polar wound simp*.speed motor, the reduettoit 
in speed is accomplished by reduction in etlieieney. the p..wet- 
factor remaining constant, in the concatenated motor, the 
efficiency will remain approximately constant but the power 
factor goes down as the speed is den eased. 1 hi > low l*"* 1 ' 1 

factor is due to the fact that tin* motors are underloaded when 
run in concatenation, as compared with normal rating, a., in¬ 
dividual motors. 

Recently there has been brought out in Knglaud, the Hunt 
or internal concatenated motor. The machine is a modified 
form of the “cascade” motor, having two magnetic held 
systems, superimposed upon one another in the same core !«.»!•> 




H 

Pm, IK 


The second field has its origin in the rotor and eon;.eijuently 
induces secondary currents in the stator windings. tSee Kip,. Mb. 

The motor can lie laid out for cascade speeds of 12, 1<H, 21 
poles, i.e., numbers divisible by six, the lowest number of pole ■ 
being 12. A motor having a smaller number of poles t . not 
satisfactory, us the resultant magnetic held is not symmetrical. 

Considering an eight-pole stator winding with tups brought 
out in such places that the winding can be made responsive to 
a four pole field. The motor lias a winding which give:, the diet i 
of an eight-pole and four-pole winding in series, 1 tie motor 
can operate either in cascade with a speed corresponding 
12 poles or as an eight-pole motor. In order to obtain three 
effective speeds, a change over switch is necessary in the stator 
circuit. This enables the connections to be changed so that 
the primary currents may produce either an eight-pole or a funr- 
pole magnetic field. 






of the windings are such that if the slip 
circuited, the currents induced in the rotor give 
of poles, and the machine under these condi- 
^Scactly like an ordinary slip ring motor. 

rings are open circuited, a small number of the 
become inoperative and the currents in the 
^^cluce two number of poles, the second of which 
^'k;&tor and causes the motor to run at cascade speed, 
figures are available, it appears possible with hlr. 



X9._Hunts 2-speed motor for continuous service 


hLods to design a cheaper two-speed motor than the 
llector ring type with two primary and two secondary 
On account of the whole winding being used all the 
. y pe of motor ought to have a better efficiency and 
1-c- than a double-wound motor. 

! construction, it seems possible to obtain a motor of 
" and cost with better constants than a two-speed 
" e: motor or cascade set. Continuous acceleration 
' t>y means of rheostats without opening the mam 
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PkKQUKNCY CilASOSKS 

For adjustable sliced work, where a la rue number of speeds 
arc not required and frequent chants mil necessary, a simple 
method may be used, by using a frequency changer set, 
consisting of an alternating-current motor and required number 
of generators for the various frequencies. 

This system is objectionable on account oi high t ost and luigt 
speed steps. It is also impracticable to change speeds while 
running. The efficiency ot the gouu» »umv 

combined outfit is comparatively _ ^- r - 

low. r —ivi. 

Where direct current is avail- 1 {(( ({( Kf 

able, a simple method may be \ 

employed affording easy methods 

of control while running. Speed ir J U, U LJ, 

changes are obtained by fitting- !.•>•.« >‘>™n «wu 

ing the primary frequency tip- Km. go 

plied to the driving motor oper¬ 
ating as an ordinary induction motor. 

By far the simplest method is to use a direct-current motor 
driving an alternator and by varying I he speed, the frequency 
and voltage delivered by the alternator is in direct proportion 
to variations in speed. 

In this case it is necessary for the units of the set, to he of 
sufficient capacity to take care of driving motor C. 

Another method of accomplishing the same result, is to use an 



induction motor in place of generator B and using the secondary 
of motor B, as the source of supply for motor ('. (See Pig. 22.) 

The primary of the induction motor B is connected to the 
alternating current source of supply and the Sliced of the set is 
controlled by the direct-current motor. The secondary of mot or 
B supplies power to the motor C operating at variable speeds. 

When the frequency changer set is running at a speed cor¬ 
responding to the synchronous speed of motor B, the frequency 
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in tin* mot nr is m*n. Tin* frequency at any other speed may be 
determined as follows: 


. {N-N A 
*\ N ) 


(* fmjuunvy in rotor />. 

Tj frequency s< nuvr of power motor B. 

\ .synchronous speed motor B. 

Xx speed of frequeney changer set. 

minus si^n in tin* above formula becomes plus when the 
t is ruiin }ug iii the opposite direction to the normal operation 

of motor B, 

1'he voltjq»e in the rotor B is the ratio of primary turns to 
secondary turns (neglecting losses in air gap), and varies directly 

as the frequency. 

it is obvious that, it can only be* used for constant torque work 
with limited speed range, otherwise the costs which are already 
hiah become prohibitive. The direct-current motor A supplies 
only a fraction of the power supplied the motor C, depending 
upon the speed rani*c. 

Motor H must be of the same capacity as 6. Motor A runs 
.../a tor when the frequency set runs in the same direction 

its normal operation of motor H, as motor when running in the 

opposite direction. . 1 . 

A number of systems have been proposed involving more or 

less complicated and expensive features. 

Another quite simple system has been proposed-differmg 
iron, those previously referred to in which the primary of the 
driving motor is connected to the power circuit of constant 
Ir.H.u.-m v, -.peed control being obtained by impressing different 
re ueneh’son the secondary winding of the motor. By supply¬ 
ing to the seeondarv of the driving motor, a variable frequency, 
•ual to the primary a constant frequency, the motor must run a 

ns “h* S17-V- 

Mduetion .notor n'rn*sponds to the difference of P nm “ y ^ 

.-v. 

its f; rsK .t *££5- -*• 

J iy 5* rotating field Wl tltc Other from some ontsrfe 

source, 
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There are, however, a number of eases where a imth rpeed 
motor is not satisfactory since it does not give su Hieient muni ter 
of steps and there has bunen felt a rest! need tor an ahentafing- 
current motor with shunt characteristics, in tact, the matter 
is very important, since the absence of such a mot. os* often ne¬ 
cessitates the application of direct current apparatus, even it' 
only a few adjustable speed motors are required and all oilier 
conditions would warrant, the use of polyphase or angle phase 
alternating-current motors. Hence, the problem is not to 
obtain a motor which is better and more efficient than the 
direct-current adjustable speed motor, but the first step and at 
present, the most important, is to obtain an adjustable ..peed 
motor, no mattes* wind,her it he a little inferior in characteristics 
to a cHrcct-eurront motor, in order to help us out in the above 
ease and all schemes which are to be described in the following, 
have to be judged in this light. 

Considerable work has already been done in this country for 



the adjustable speed, single-phase motor.* In order to outline 
the theory o{ this interesting t ype of motor, we may refer to the 
compensating repulsion motor as covered by Fig. X, ami see 
what is happening when this motor is running at svnehronou . 
speed. We assume the motor has a cylindrical tore without 
salient poles, in which case the mutual inductive impedance is 
equal, in all directions. Neglecting the self inductive reactance 
of both circuits, it is apparent that at synchronism the current 
flowing between the exciting brushes has to be equal and W deg;*, 
displaced in time phase to the magnetising current flowing 
in the compensating windings (reduced to the armature circuitf, 
Otherwise the requirement would not be fulfilled that the rami 
of transformation be balanced by the. e.m.f. of rotation. 

In ( beadt between the Held brushes, a similar condition 


* See articles Transactions A. I. 15. 15,, JiMKl, VO. XX VII h page ITS 
by P. C reedy, 1909 by 15. P. Alexanderaon, VO, XXVII f, page nit and 
paper by W. A. Layman, May 1911, National Elec trie Light AsHoriuiim*. 
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exists. The current flowing from brush to brush induces a 
reactive voltage, which at synchronous speed is completely 
balanced by the e.m.f. induced by a rotation through the cross 
flux interlinked with the compensating windings. Hence, at 
synchronism, in order to obtain a current which will be in time 
phase with the energy current, we have merely to apply a voltage 
to the brushes of the same time phase as the voltage applied to 
the energy circuit and which has only to compensate the I R 
drop in the exciting armature circuit. 

This has been done in Fig. 23 by means of a transformer. 
The stator proper can also be used as a transformer for supply¬ 
ing this voltage, if a second winding has been provided on the 
same, as shown in Fig. 24, or by equipping the compensating 
winding with suitable taps, so as to use it as an auto transformer. 
In this way we have obtained a shunt motor which will run at 
constant speed. It can be started as a series motor in the con¬ 
nection shown in Fig. 8. 



Fig. 25 Fig 26 


Fig. 25 represents a compound motor. If the switch is opened, 
then only half the armature works as field winding, and in this 
way the motor can be started as a series motor. When up to 
speed, the switch can be closed and the other half of the armature 
will receive shunt eiosstertion. 

In order to make out of the motor, according to Fig. 23, one 
which shall give equally good characteristics, at speeds differing 
from synchronous speed, we have to open the short circuit of the 
energy brushes and apply voltage to the same. This has been 
shown diagramatically in Fig. 26. 

Suppose we apply to the energy brushes a voltage which is 
equal and in time phase with the voltage formerly induced 
between the short circuited brushes by transformation. If we 
further increase the current between the exciting brushes 
41J per cent and also the speed 41| per cent, then it is clear that 
the e.m.f. of rotation induced between the energy brushes, 
which is proportional to both the field strength and the speed, 
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will be increased 100 per cent, and will balance the voltage of the 
energy circuit, which is the sum of the applied and the voltage 
induced by transformation. But also the voltage in the exciting 
circuit will be balanced. The reactive voltage being increased 
over 411 per cent, due to the increase of current and the voltage 
induced by rotation also being increased over 41§ per cent, since 
the speed has only been changed and not the field interlinked with 
the compensating winding, which induces the e.m.f. of rotation 
between these brushes. By thus properly choosing the voltage 
applied to the two different sets of brushes, it is possible to obtain 
different speeds, both above and below synchronism. Of course, 
it is again possible to omit the transformer by using the stator 
for this purpose. 

Analytically, the conditions for equilibrium can be investi¬ 
gated in the following manner. 

Let: 

Efa = voltage applied to field brushes. 

E ft =voltage induced by transformation between the field 
brushes. 

Ef r — voltage induced by rotation between the field brushes. 
h — current and field circuit. 

E ea = x E et = voltage applied to energy brushes. 

Eet = voltage induced by transformation between the energy 
brushes. 

E er — voltage induced by rotation between energy brushes. 
l ' m =magnetizing current in the compensating winding. 
n — speed. 

wo —synchronous speed. 

Z = mutual inductive impedance. 

Then at standstill we have in the field circuit, e.m.f. consumed 
by mutual inductive impedance: 

Efa — If E 

And for the energy circuit we have e.m.f. consumed by mutual 
inductive impedance: 


Ed — Int Z 


At a speed w, we have in the energy circuit to meet the require¬ 
ment that the voltage applied to the brushes has to be equal 
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Neglecting the resistance of the field winding the requirements 
for the equilibrium of the e.m.f. in the field winding should be 


or 


E fa = 0 


y = 


n 

n 0 


Substituted in 


x — 1 — y 


n 

»o 


' gives 

x=l-( U ) 
\ n Q / 

or 


Eta- 



For n = 1415 


n 0 =1000 
We would find 


Eta — 1 



or 


and 


Rea — Reh 


1 41 


We thus arrive at the same result as above.* 

* See Electro Technische Zeitschrift 1908, page 588 and page 857. 
[Eichberg.] 
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The above outlined method is a combination of armature and 
field control. With armature control carried out in a different 
way, the same result can be obtained. Let us suppose we apply 
to the compensating winding, 70 per cent of the voltage originally 
applied to the same, and impress on the energy brushes this very 
same voltage. Then apart from magnetic saturation conditions, 
the cross flux interlinked with the exciting current of the com¬ 
pensating winding will be reduced to 70 per cent of its original 



Fig. 27 


value. If now again the speed increases 411 per cent, then the 
conditions for equilibrium have been obtained. The current in 
the exciting windings will be unchanged since the e.m.f. of 
rotation is the same as before, the speed being increased 41 f per 
cent and the field strength being reduced to 70 per cent of its 
original value. Neither in this case do we need a transformer 
if we provide the stator with steps. 

In Fig. 27 a diagram of connections is demonstrated for a 



Fig. 28 


motor, which, in this connection will run at synchronous speed 
and 40 per cent above synchronous speed when connected ac¬ 
cording to Fig. 28. For matter of simplicity it has been assumed 
that both the armature and compensating winding have the 
same number of effective turns, in the connection of Fig. 27.. 

In case we use armature control without providing special 
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means for balancing the exciting circuit, also, speed regulation 
can be obtained. Then, however, the current in the exciting 
winding will be larger, due to a wattless component which does 
not contribute to the torque. 

As long as this wattless component does not become excessive, 
so as to cause sparking, its presence is not objectionable. 

Another interesting type of motor has been described by Mr. 
Alexanderson in the paper referred to above. With one of the 
two described motors, he uses field control and he has developed 
his method in such a way that it directly can be applied to the 
compensated repulsion motor. Instead of obtaining the equi¬ 
librium in the field and energy circuits by the methods described 
above, he makes use of the fact that the voltage appearing at the 
terminals of the exciting winding arranged on the stator in 
quadrature to the compensating winding is 90 degs. out of time 
phase with the line voltage and consequently in time phase 

with the e.m.f. induced between the 
field brushes by rotation through the 
cross flux. This voltage, after having 
been stepped up or down by means 
of a regulating transformer, is intro¬ 
duced between the field brushes and 
thus regulating the current in the 
field winding, the speed can be varied. 

The variable speed motor described 
by Mr. Layman in his paper is in 
principle a combination of the different types which have been 
described above and for further reference we may refer to his 
paper. 

Of course, in case of a motor with series characteristics it is 
also possible to impress voltage on the energy brushes and obtain, 
in this way, speed regulation. The methods follow directly 
from what has been explained in regard to the shunt motor. 

Polyphase Commutator Machines 
The polyphase commutator motor has a fixed winding con¬ 
sisting of a number of coil groups, corresponding with the: 
number of phases, just like the stator of an ordinary induction 
motor, these groups of coils being displaced in space by an angle 
corresponding to the displacement of the several phases from 
one another; thus in a three-phase winding, they are separated 
by 120 deg. The revolving part of the motor is wound like a 
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continuous current machine and provided with a' commutator. 
The field of a polyphase commutator motor is produced by the 
exciting winding, which is fed by a current or pressure. If the 
energy current of a motor is used as exciting current, the rotary 
field produced will not be constant, but will depend on the output 
of the motor. Thus, if the exciting winding E , Fig. 30 is con¬ 
nected in series with the energy winding the motor will have series 
characteristics, the speed being a function of the torque. On 
the other hand, if the exciting winding E is fed from a constant 
voltage, Fig. 32, the field will be constant, independent of the 
load. This motor possesses a shunt characteristic and runs at 
approximately constant speed. In addition to these, combina¬ 
tions can also be made to give compound characteristics. 

Figs. 30 to 33 show arrangements of winding of three-phase 
motor. 

Series motor with Shunt motor with Shunt motor corn- 
combined exciting separate exciting bined exciting and 

and compensating winding compensating 

winding winding 

Pig. 31 Fig. 32 Pig. 33 

Three-phase commutator motors 

The difficulty of regulating the speed of induction motors 
hitherto was that no means were known whereby the low fre¬ 
quency of the rotor currents could be transformed to that of the 
mains . It was only the knowledge that the commutator always 
transformed the slip frequency to that of the motor field, thus 
to that of the supply—that made this possible, for, since the 
commutator can be directly connected to the network, energy 
can be given or taken, according to the conditions. 

It has been shown that the three-phase commutator motor of 
moderate size and designed for moderate frequencies has been 
employed extensively in such cases where speed variation over a 
wide range and shunt characteristics are required. The design 
of the three-phase commutator motor meets, however, with 
diffi culties if larger sizes or higher frequencies are required. The 
commutation becomes poor and costs high. 



Series motor with 
separate exciting 
winding 

Fig. 30 
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Kraemer System* 

Previous to the introduction of the commutator motor, it 
was necessary to sacrifice efficiency for regulation, the impel tect 
method of inserting resistance in the rotor circuit being used. 

It was a happy thought that led Kraemer to supply only that 
power to the commutator motor which would otherwise be con¬ 
sumed in the rotor resistances. (See Fig. 34.) 

In this system the commutator machine is direct connected 

to the .shaft of the main motor and the energy i .- 2 - 2 ." 

furnished by the slip rings of the main motor, 

is returned as mechanical energy to the shaft, _ ||- 4 L— 

instead of being absorbed in resistance. This LI* 

arrangement is of advantage in cases where a pi(;< u 

constant h.p. motor is required because the 
torque of the machine, which is proportional to the slip, is 
added to the torque of the main motor. 

The slip energy of the induction motor can also be iccovcied 
by the application of a rotary converter.. This equipment has 
the disadvantage of greater complication and also special source 

of direct current. (Sec Fig. 35). 

Referring to Fig. 35, the slip rings of the main motor are con¬ 
nected to a rotary converter, the direct current side of which 



feeds a direct-current shunt motor, the latter being connected 
mechanically to the main motor shaft. The speed is regulated 
by varying the field of the direct-current motor,. When the 
resistance is cut out, the armature voltage and the direct evnient 
voltage of the converter will increase. Necessarily the alter¬ 
nating current voltage will increase also, thus the speed of the 
main motor will decrease. For wide ranges of regulation, this 
system is particularly applicable, as the design of the rotary 

* Sec* the Electrician (London), August, 1910, 
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converter is practically independent of the speed reduction re¬ 
quired. 

SCHERB1US 

Speed regulation has been worked out in a slightly different 
manner by Scherbius, employing a polyphase commutator motor. 

With reference to Fig. 36, a three-phase commutator motor 
(regulating motor) is connected to the slip rings of an induction 
motor. The regulating motor drives a generator which again 
delivers electrical energy to. the line, or a regulating motor is 
direct connected or belted to the main load. Whether the slip 
energy of a main motor should be recovered as electrical or 
mechanical energy depends upon the nature and condition of the 
motor application. By adjusting the excitation of the regulating 
motors, speed variation of the main motor is obtained, as the 
slip of an induction motor is proportional to the secondary 
voltage. The speed of the regulating motor remains constant 



Fig. 36 


between no load and full load. The speed depends upon the 
excitation only, the armature voltage being practically the same 
as the rotor voltage of the induction motor. Ordinarily the 
commutator motor has shunt windings. Where a flywheel 
is used, series or compound windings are used; the speed will 
then drop over a certain adjustable range and use be made of 
the kinetic energy of the flywheel. It should be mentioned 
that by reversing the direction of the excitation, the regulation 
can be extended over synchronous speed (special exciter re¬ 
quired) the regulating motor becoming a generator and delivering 
the slip energy instead of receiving it. The commutator motor 
can be designed so that it delivers wattless current and thus 
improves the power factor of the whole installation. 

The use of an independent regulating set has the advantage 
that the commutator machine can be designed for an economical 
speed and in this way becomes a cheaper proposition. 

Very considerable progress has been made of the use of the 
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alternating current commutator motor in Europe. Ihc brush 
shifting motor as originally developed was a single-phase motor 
and is now being built three-phase. The simplest arrangement, 
for three-phase operation is to use two single-phase motots rising 

the T connection. . 

Various modifications of the Kraemer and Scherbius systems 
have been used showing excellent results as to regulation and 
economy of operation. 
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-^ISCTTSSION ON “ METHODS OF VARYING THE SPEED OF 
Alternating-Current Motors. (Maier) New York, 
ID DECEMBER 8 , 1911. 

EC. W. Buck: There is a popular idea that alternating-current 
Motors can be used only where constant speed is allowable, and 
't'h.a.-t where variable speed is required it is necessary to convert 
“ttto alternating current into direct current and obtain in this way 
■fctxo flexible speed variation through direct-current mo tors.. 

Recent developments in this country and abroad in variable 
alternating-current motors, which have not as yet been 
e xtoxxsively applied commercially, afford means for many indus¬ 
trial p>-urposes of variable speed control almost as flexible as that 
°bt aixxable with direct-current machinery. 

TClic variable speed alternating-current motor is a very impor¬ 
ts axx_±; field for development work and a paper like this of Mr. Maier 
yvTxiclx points out the direction in which the development is tak- 
ixxg; p>lace, is of great value. 

IVE:r. Maier’s paper is an excellent resume of the art as it stands 
to-day and should be suggestive and instructive to those inter- 
ested in this branch of electrical engineering. 

IN. Dickinson: I ask Mr. Buck if the developments he 
speaks of are in multiphase machines or single-phase machines? 

W.Buck: In both. 

"W. IN. Smith: I will ask a question which perhaps Mr. Maier 
on some of the manufacturers represented here can answer. Take 
fixe ease of a large outfit of motors to drive machine tools in 
ist lops such as you have in a locomotive repair shop, or in one 
of fixe larger industrial plants. Which of the systems mentioned 
ixx flic paper this evening have actually been tried on a commer¬ 
cial scale at the present time, and found satisfactory? Possibly 
some information, showing what has been actually accomplished 
in practice, would be worth hearing. 

O*. A. Maier: At the present time in this country there is 
only one type of adjustable speed motor which is used, that is 
■fixe multi-speed motor, which is used to a limited extent. In 
Europe they have used the adjustable speed single- and three- 
p>lx 3 .sc commutated motors but I do not think there has been 
much use made of those motors in this country up to the present 
“ti xxxe. The slip ring motor is used in some cases where the torque is 
constant and continuous, such as wheel laths or boring mills doing 
001 - 1331 X 1 classes of work where the load is always on; the load must 
coxistant and continuous. For general machine tool work, 
•tlx <3 3 ltemating-current motor has not been used to any consid- 
erable extent in this country. 

C. J. Fechheimer : An account of a system other than de- 
scribed by the author of this paper for obtaining adjustable speeds 
3,33 p>cared in the Electrotechnische Zeitschrift of October 19, 1911. 
Tlxis is the system which has been brought out by A. Heyland 
axxcl R. Ruedenberg. It is somewhat comparable to the Scher- 
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sketch shows 


bius and Kracmcr systems and the accompanying 

the scheme of connections. _ . , 

The large polyphase induction motor A is to M . ■!- 

adjusted to sliiX requirements. The sUdor o ».s mj- o s 
connected to the line and its slip rings ai« 11 f 

commutator of a machine having an armatu e s m at t< that, t 
a synchronous converter. The slip rings oi th s t > c i U., « 
more properly, frequency changei, aie C . 0 . 11IU . C ;' A _ . . j u t j u » 

ary of the transformer, the primary of which is toiinuUd 

hn Onthe same shaft with this machine is a small 
C with primaries connected to the line and secon.la, 'ounce 1 
in parallel with the slip rings of the large induction motui• 1 < 
speed is adjusted by changing the number of turns in t h s < » - 

ary of the transfonner, which diangcs the volUige Ul •; J 

rirurc of the frecmcncv changer B, which m turn alum 1 ” 



sure between the 1 iruslies on the commutator end <>i t his machine. 
As is well known, a change in voltage between the slip rings 
of an induction motor will change its speech . The* speed ol the 
frequency changer is set by means ol the small induction motor ( . 

It is very interesting to note that the frequency changer B Iras 
no windings on its stator except those which are used to neu¬ 
tralize the unbalanced, higher harmonics of armature reaction 
and thus assist commutation. 

Now when we consider whether it is advisable to use a poly¬ 
phase commutator motor to secure^adjustable or variable speed, 
we must remember that in America it *s essential to design appara, 
tus which is practically fool-proof. In other won Is, after the 
machine is installed, it is necessary for it to do the work in 
tended for it and not require much attention. 

Judging from the great length of time that has been required 
to successfully design direct current machines and secure sat is * 
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factory commutation, we may expect an equal or greater length 
of time to be able to predict satisfactorily the commutation in 
alternating-current commutator motors. It is in fact doubtful 
whether polyphase commutator motors can be designed in large 
sizes without sparking, so that the question arises: will any vari¬ 
able speed systems which involve the use of alternating-current 
commutator motors for large outputs be acceptable on the Ameri¬ 
can market? 

It lias occurred to me that we might use a system which, 
while costly, would be absolutely certain of results. This system 
is outlined in Mr. Maier’s paper and we suggest a modification 
of it—one which I have thought of employing a number of times. 
When there is a direct-current source of supply it consists of an 
inverted synchronous converter or motor-generator set. The 
speed is varied by changing the field strength of the converter 
or direct-current motor. The speed of the induction or synchro¬ 
nous motor changes with the speed of the converter or motor- 
generator. Or, if the source of supply be alternating, two syn¬ 
chronous converters may be used, one to change from alternating 
to direct and the other from direct to alternating. By using a 
split pole converter for the first machine and changing the field 
excitation of the second, or by having reactance coils in series 
with the first machine and varying the field strengths of both 
converters, the frequency may be altered as desired with corres¬ 
ponding changes in the speed of the main induction or syn¬ 
chronous motor. 

These systems would be especially applicable to cases to which 
direct current cannot be directly applied, such as for large ca¬ 
pacities and high speeds for which direct current motors cannot 
be built. We could then use synchronous or induction motors, 
and have their speeds varied as indicated above. 

B. G. La mm e: The question was asked in this discussion, to 
what extent adjustable speed or variable speed alternating-cur¬ 
rent motors have been used in machine tool drive. Mr. Maier 
has replied to this question by stating that multi-speed motors 
without commutators have been used to a limited extent. 

I can cite one case where commutator type alternating-current 
motors have been used for adjustable speed, not in machine tool 
work, but in print work where print rolls had to be driven 
at various speeds between zero and full speed. The motors 
used in this case were somewhat different from any described 
in the paper of the evening, although based upon the same prm- 
doles. 

In a single phase commutator type motor it is obvious that 
if the field winding be connected in shunt with the armature, 
the operation of the motor will be very poor, because the shuni 
field current, and therefore the field flux, will lag practically 
90 deg. behind the armature current, whereas, for good operation 
the armature current and the field magnetism should be practi- 
cally in phase. This condition can be obtained by connecting 
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the field winding to a supply circuit which lias practically a 90 
dee phase relation to the circuit which supplies the armature 
This is illustrated in Fig. 1. With this arrangement the field 
current or field flux, is still 90 deg. behind the exciting c.m.f., 
but as this latter is practically 90 deg. out ot phase with the arm¬ 
ature e mi., the field or exciting flux will thus be practically m 
phase with the armature current and the machine becomes 
the equivalent of an ordinary shunt machine.. Such a motoi 
can be connected either across a two-phase circuit or can be 
connected to a three-phase circuit by cci tain arrangements of 
che windings which give the equivalent of a two-phase condition. 

With this arrangement the speed can be controlled just as 
with a shunt-wound direct current machine, either by field con¬ 
trol or by control of the armature voltage. In the direct-current 
shunt machine, field control is obtained by insertion of resistance 
in the field circuit. In this alternating-current motor, field con¬ 
trol is obtained by insertion of reactance in the field circuit, instead 
of resistance. As the field current already lags practical 1 y 90 
deg. behind its supply e.m.f., the addition of reactance in series 
does not modify the phase relations materially. Added reac¬ 
tance thus causes weaker fields and increase in speed. 



The speed of such a motor can also be varied by means ot 
resistance in the armature, the same as a direct-current machine, 
to give variable speed; or can be regulated by means of adjustable 
voltage supplied to the armature terminals from a transformer 
with taps. This will give practically constant speed character¬ 
istics for any given adjustment. The arrangement thus becomes 
the equivalent of a direct-current shunt motor with an adjustable 
supply voltage. 

An equivalent arrangement to this was also built and tested, 
in which the armature was not connected directly across the line 
but was closed on itself and was supplied with current from a 
transformer winding on the primary or field core. This arrange¬ 
ment is shown in Fig. 2. 

Several motors of the first described type were put into com¬ 
mercial operation. One of these motors was of 20 h.p. normal 
capacity and another of 30 h.p., both for 25 cycles. Both were; 
controlled by adjustable armature voltage from transformers., 
The speed was adjustable from practically zero to 1000 rev .'per 
min. The 20-h.p. motor was in operation for about 18 months and 
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was apparently a very satisfactory machine. The 30-h.p. motor 
was operated for a much shorter period and w r as not nearly as 
satisfactory. Later both motors were taken out of service, 
partly because the system of operation of the plant was modified. 
The equipments were expensive, due partly to the cost of the 
regulating transformer, but they could be operated successfully 
in the hands of careful men. However, the apparatus was rather 
delicate in its characteristics compared with direct-current ma¬ 
chines with equivalent characteristics. 

In going over this paper hurriedly, I find several points which 
are open to discussion. On the last two pages of the paper where 
reference is made to the Kraemer and Scherbius systems, certain 
features of these systems are not brought out fully. Both of 
these are forms of the so-called cascade connection in which the 
secondary of an induction motor feeds current to another motor. 
Here the secondary motor is of the commutator type. The 
feature of this arrangement which makes the commutator motors 
operative in general, lies in the low frequency delivered by the 
secondary of the induction motor to the commutator motor. 
At synchronism of the induction motor, the frequency of the 
secondary is zero. If the speed is within 10 per cent of syn¬ 
chronism, for instance, the secondary frequency will be 10 per cent 
of the primary frequency; that is, with 60 cycles in the primary 
the secondary frequency would be six cycles. At a speed of 30 per 
cent from synchronism, the secondary frequency will be 30 per 
cent, or 18 cycles, with a 60-cycle supply circuit. _ These low 
frequencies are particularly advantageous in the design of com¬ 
mutator type alternating current motors whether of the. single¬ 
phase or three-phase type. However, the further the speed de¬ 
parts from synchronism the more difficult becomes the design 
and operating conditions. In consequence^ such systems are 
usually built to operate within a certain limited per cent of 
synchronous speed, this per cent depending upon the frequency 
of the supply circuit. These conditions apply to the arrange¬ 
ment shown in Figs. 34 and 36. However, in the scheme shown 
in Fig. 35, the current from the secondary of the induction motor 
is fed to the collector rings of a synchronous converter and direct 
current from this synchronous converter is fed to a direct current 
motor, which thus absorbs the extra power of the secondary to 
the main motor. 

A little consideration will show that the synchronous converter 
should be of the same capacity as the motor to be regulated, 
if operated at the primary frequency. It is therefore necessarily 
a large and expensive machine, relatively speaking. The lower 
frequency and the lower speed at which it is normally operated 
will be of indirect advantage in somewhat reducing the cost and 
size of this synchronous converter. 

Furthermore, the direct-current motor operated from this 
synchronous converter cannot be of very economical proportions 
for it must be designed for operation over quite a wide range 
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Of voltage due to the fact that the synchronous converter tv,11 give 
different voltages with different speeds and the direct-current 
motor must be adapted for opera!ion at these v<> tages. _ 
Therefore, considering this scheme as a uhole, it appeals to 
me that equivalent results would be obtained i tlu; synchronous 
converter were connected direetly to the supply eiremt so that 
its direct-current side supplies current to a dncct-cuiicnt motoi 
which drives the load. The synchronous converter could be of 
the synchronous booster type for varying the direct-current volt¬ 
age delivered by it. The size and capacity o! the synchronous 
booster would be dependent upon the range ol voltage, and speed 
variation desired, like the direct-current motor m Hg. . a. 
Therefore, in this arrangement the synchumous nmuiUi would 
correspond in capacity to the synchronous eon verier shown in 

Fur 35 while the direct-current driving niot.oi would eou espond 

in capacity to the induction motor, and the synchronous booster 
would correspond in capacity to the direct-current motor m the 
same figure. The scheme, as a whole, appears to me to he 
simpler than that shown and no more expensive, yt ith uttui 
of these schemers the permissible range ol speed could be lairly 


C P. Steinmetz: While the aitrrnating-i-um-nl. motor_bus 
the reputation of being a constant speed motor, you sue from 
the paper that in recent years a very large amount of work has 
been done in developing not only one but quite a number of 
types of variable speed alternating current motors, although tin- 
work is s«> recent that these motors have thus fur come into 
industrial practice only to a limited extent, and there is no doubt 
that many further developments are still possible and dcsiiaoie, 
There is one feature which impresses itself very nimbly, and 
that is, that in most, of these variable speed alternating-current 
motors, the variable speed is connected with t he use ot the com¬ 
mutator. A commutator is not necessarily objectionable, We 
know that the direct current- motor has a commutator and can 
be extremely successful. But, on the oilier hand, as the gient 
advantage of the alturnatingsnirrent motor has always been 
claimed its great simplicity, due to the absence ol eommulaU h 
or similar device. When we wish to get variable speed, in most 
cases we have to accept the commutator t he same complication 
which is inherent in the direct current motor whether valuable 

speed or constant speed, _ 

In order to see how far wo have advanced, and what tun her 
work may still be done, it is desirable to make a classification 
of the problem. The Standardisation Rules divide the motors 
in two types: constant speed and variable speed motors. Ot the 
variable speed motors, three classes again are distinguished: 
multi speed motors, which have several steps of. constant speed, 
hence, which can by adjustment be operated as constant speed 
motors not only at one but at two or more speeds; second, 
varying speed motors, in which the speed varies with the load 
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as a rule decreasing with increase of load. Typical thereof is 
the direct-current series motor; third, adjustable speed motors, 
in which the speed can be adjusted to any desired value within 
a. certain range, but when once adjusted the motor remains at 
this speed irrespective of the load, or approximately so. Typi¬ 
cal of this class is the direct-current shunt motor with field 
control, where, by varying the field rheostat, you can set the 
speed at any desired value, and at that value it remains approx¬ 
imately from.no load to over load. 

Alternating-current motors of these three types can be pro¬ 
duced as follows: Multi-speed motors are in industrial use to a 
considerable extent as induction motors without commutators— 
either by changing the number of poles, by some switchover 
device, or by concatenation of two motors, or by combining 
the two concatenated motors in one structure as an internally 
concatenated motor, or by a combination of several of these 
methods whereby we can then gain a considerable number of 


speed steps. 

The varying speed motor also exists as a motor without com¬ 
mutator. It is the induction motor with slip rings and external 
rheostat. In this motor with increasing load the speed decreases. 
It has a characteristic in its speed torque relation similar to the 
direct current series motor, except that the speed is limited to 
a definite maximum speed, the speed of synchronism. But the 
limiting feature of this motor is that when the speed falls off, 
the efficiency also falls off. That is, at fractional speed you get 
correspondingly fractional efficiencies. The varying speed al¬ 
ternating current motor which is free from this dropping off of 
efficiency with dropping off of speed, is the commutator motor 
of the series type, or of the repulsion type, or of the combination 
type, the series-repulsion type, but, as stated, this is not as 
simple because it has a commutator. # ■ 

The third type of variable speed motor is the adjustable speed, 
motor, a motor which can be run at any constant value of speed, 
within a certain range. This motor does not yet exist m the 
commutatorless type, but it does exist in an almost infinite 
variety of commutator types of motor. Many of these are men- 
tioned in the paper, but there exists no adjustable speed alter¬ 
nating current motor yet, which does not have a commuta or, 
and this field is still open for development. It is this class of 
motor, which after all, would be the most useful, because very 
often in the industry we desire to be able to vary the motor 
speed over a moderate range as in cotton mills, to adjust it to 
the materials and the atmospheric conditions, so as to operate 
the mill at maximum efficiency. This means the ability ot vary¬ 
ing the speed, say, ten or twenty per cent, up or down, and 
still at any speed to have constancy independent of the load. 
In the absenceof this motor there have been developed adjustable 
speed commutator motors which are m industrial use, are emi¬ 
nently satisfactory, but have not yet the simplicity of the pla n 
induction motor* 
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In concluding, I may say, so far as my experience goes with 
the variable speed alternating-current motors, there are in use 
to a large extent: the induction motor with external rheostat as 
varying speed motor in hoisting work, in three-phase railroading, 
etc"; then there Is in extensive* use the multi-speed motor of the 
changed-pole type, and also to some extent, of the concatenated 
type; then there is in use the varying speed motor of the com¬ 
mutator type, as series and repulsion motor, and finally there is 
in use the adjustable speed motor of the so-called induction- 
repulsion type, especially in small units for general service. 

C. O. Mailloux: It is remarkable what a transformation of 
feeling electrical engineers have undergone, in the last few years, 
in regard to the commutator. For a time, the commutator was 
charged with all the crimes in the electrical calendar; it was con¬ 
sidered a great objection in connection with electrical machinery, 
in general. It was the fashion, among the* partisans of the poly¬ 
phase induction motor, to allege, as one of its most meritorious 
features, the entire absence of a commutator. It was very pleas¬ 
ing to me, at the last electrical Congress, at Turin, in the dis¬ 
cussion on electric railways, before Section 5, where I had the 
honor to preside, to find evidence of a return to a spirit of greater 
toleration with respect to the commutator. The partisans of 
alternating-current systems of traction, at that Congress, were 
not as rabid as formerly, on the subject of “ commutators 
The reason is that, in Europe, just now, the single-phase system 
of electric traction is in vogue; and that system, as we know, 
involves the use of a commutator-motor. That, of course, makes 
some difference. It is sufficient to change the opinion of many 
men who, some years ago, thought that a commutator-motor 
was not fit for traction purposes at all. films the “ evil ” of 
former days is fast becoming a “ virtue.” The old French pro¬ 
verb says: u Chassez le naturel, et il revient an galop" (The 
nearest English equivalent is: “ what is bred in the bone cannot 
be beaten out of the flesh ”). Perhaps the commutator is much 
more “ natural ” than some people have been willing to admit. 
In dealing with the problems of speed-regulation, with alter¬ 
nating-current motors of any phase and type, we are obliged 
to come to the commutator, in order to increase the range of 
speeds obtainable, and to realize the fullest possibilities. It is 
the most “ natural ” thing to do, and it should have been done 
long ago. It is now being done because it cannot be put off 
any longer, presumably. Whatever may be the reason, the 
result will be to make the induction motor much more " fit ” 
than it was or would ever be otherwise, for many applications, 
old as well as new, in competition with the direct-current motor. 

Those of us who obtained their first practical experience with 
commutator machines, in the days when there were no others, 
were reconciled to commutator-motors. We were not afraid of 
them; and we knew that they could be made to do good work 
under any and all circumstances. For many purposes the corn- 
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mutator-motor did much better work than the commutatorless 
motor, even before the advent of the commutating pole, or the 
so-called “ inter-pole ” motor. Today, with the auxiliary or 
commutating pole, we are getting commutation which is abso¬ 
lutely satisfactory, if not absolutely faultless, in the case of 
direct-current motors of good design. The problem will not be 
quite as simple, however, with alternating-current motors. There 
are many difficulties here, due to electromagnetic phenomena and 
reactions which are not “ in phase ” with each other, and it is nec¬ 
essary to resort to compensating devices of various kinds to secure 
a line of commutation that is “ stable ”—which may not shift 
back and forth, describing an angle, during each period—and 
which “ stays put ” at least a portion of the time, same as in 
the direct-current motor. It is gratifying to find that consid¬ 
erable progress has been made in the adaptation of the commu¬ 
tator to polyphase motors, in the last few years. In that respect, 
the Europeans appear to be in the lead ; During my recent trip 
abroad, I had occasion to learn something of the latest improve¬ 
ments made there in multi-speed, adjustable speed, and variable 
speed motors; and I was surprised at some of the results which 
are being obtained with alternating-current commutator motors. 
M. Latour, who is mentioned in the paper as the inventor of 
a method of speed-regulation involving the use of a commutator 
motor, has recently brought out some new methods of regulation 
which are of the greatest interest and merit. He kindly ex¬ 
plained some of his methods to me and also gave me some results 
of practical tests and operation. I was astonished at the wonder¬ 
ful range of speed obtained, with motors of all sizes, with very 
satisfactory commutation, and with good power factor and 
efficiency. His results have not been excelled, and I doubt if 
they have been equalled, in this country. They are hard to 
match, even in Europe, and his methods have been adopted and 
are being used by several manufacturers, and they are being 
imitated by others there. M. Latour is one of the few alterna- 
nating-current specialists who never had coTfifyiutatoiphob'ioL. 
It was he who first made a success of the single-phase com¬ 
mutator motor of the compensating type. (Even the German 
Patent Office had, ultimately, to give him the priority over all 
others). His recent work with polyphase commutator motors, 
evincing great originality, and producing valuable industrial 
results shows what can be done to make the commutator appear, 
even here, as a blessing in disguise. It is high time that the rest of 
the alternating-current designers and specialists should realize 
that the commutator not only need not, but that it should not, 
be banished from their “ repertoire." With proper appreciation 
and treatment, its role may become as important and as useful 
here as in the case of the direct-current motors. 

Gus A Maier: It seems that in the discussion of the paper, 
the commutator of the motor is what practically everyone objects 
to. It is not considered desirable to go back to direct-current 
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practice and use the commutator. We arc agreed on that point, 
but there seems to be no way ot getting; .away from n at the 
present time. The Europeans have dune a large amount <>l 
work on the commutator motor and use itm many places. As 
far as I can learn, the commutation is 1 airly good, although I 
understand that the European standards ot commutation are 
not as high as the American practise. . 

There is one point which has not been brought out winch the 
advocates of the alternating-current motor ran still hold on to 
and that is, the voltage on the commutator is very low, compared 
to the line potential. It will probably run m the neighborhood 
of from 50 to 100 volts, and then with some sparking on the com 
mutator, even if the commutator becomes black, it does not 
seem to affect the commutation or operation ol the motor m any 
way. The Europeans are running these motors in various places, 
cotton mills, hoisting outfits, lathes,_ and using Scherbins sets m 
rolling mills, End Scherbins und Kraemei systems aae gi\ ing 
very good results. I think it is up to the American engineds 
to follow closely the European developments and make improve¬ 
ments wherever possible, and I have no doubt the inline will 
show some rapid progress in that direction. 
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TABLES OF HYPERBOLIC FUNCTIONS IN REFERENCE 
TO LONG ALTERNATING-CURRENT 
TRANSMISSION LINES 

BY A. E. KENNELLY 

The formulas relating to the behavior of long alternating- 
current lines of uniform resistance, inductance, capacitance 
and leakance, operated in the steady state, are very simply 
expressed in terms of hyperbolic functions; but are very long 
and cumbersome if expressed, with equal precision, without 
those functions. The absence of suitable tables* of hyperbolic 
functions of complex variables has, however, stood in the way 
of the general use of hyperbolic formulas. A few tables of such 
functions, in terms of real and imaginary components, have 
been published; but these are not so convenient for engineering 
purposes as tables of vecto r variables, using polar coordinates. 

* The following is a list of Tables of Complex Hyperbolic Functions thus 
far published: 

1. “ Hyperbolic Functions” by Dr. James McMahon, Chapter IV 
of “ Higher Mathematics” by Merriman'and Woodward, pp. 107-168. 
Sinh and cosh (x+j y) to * = 1.5, y = 1.5. Wiley and Sons, New York, 
1896. 

2. “ The Alternating- Current Theory of Transmission Speed over 
Submarine Telegraph Cables,” by A. E. Kennelly. Proc. Int .. El. Con¬ 
gress. St. Louis , Sec. A, Vol. I, pp. 68-105, 1904. Table of sinh, cosh, 
tanh, cosech, sech, coth p /45° , up to p=20. 

3. “ The Distribution of Pressure and Current over Alternating-Current 
Circuits,” by A. E. Kennelly, Harvard Enguteering Journal , 1905-06. 
Tables of sinh, cosh, tanh, cosech, sech, coth p/5 up to p = 1.5 for five 

particular values of 5. 

4. “ Formulae, Constants and Hyperbolic Functions for Transmission 
Line Problems,” by W. E. Miller, General Electric Review > Schenectady, 
N. Y. f May, 1910, Supplement. Sinh and cosh (x+j y) up to * = 1, y = 1. 
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The accompanying tables have been computed by the \\ntei 
for particular application to transmission-line problems. 1 he\ 
extend up to 0.5 in modulus, by steps of 0.1, ami from 00 deg. 
to 90 deg. inclusive, of argument., by steps of single degrees. 
The results arc given to five significant digits of modulus, and to 
decimals of a degree, as far as the third decimal place, or to 
about 3.6 seconds of arc. The reasons for expressing circular 
angles in degrees and decimals of a degree, instead <>t in degrees, 
minutes, and seconds, were first—that the results are thereby 


Bm 



Fig. 1 . —Analysis of a three-phaso system inU» three oompuwnt 
Kin glophase sy st<*ms 

more compactly expressed; second that interpolations are 
simplified, and third—that reduction to French “ grads M may 
be made if desired, merely by dividing with 0.0. The moduli 
results in the table, errors excepted, are correct up to the last 
digit, which is doubtful to the extent of unity. The circular 
angles resulting from the tables, errors excepted, are correct up 
to the last digit, which is doubtful to the extent, of unity, repre¬ 
senting 0.001 degree. Such a degree of precision in the tables is 
unnecessary for ordinary alternating-current engineering re- 
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quirements; but has been adopted because the tables are in¬ 
tended to form the nucleus of a subsequent and more extensive 
series, applicable to telephonic-circuit problems. The tables 
here offered suffice for the longest existing power-transmission 
lines, operated at fundamental frequencies. They do not 
purport to cover the behavior of sfich lines with higher har¬ 
monic frequencies. 

Directions for the Use of the Tables with Power- 
Transmission Three-phase Lines 

Let the three-phase line considered be uniform throughout, 
and free from intermediate loads. If there be a load applied to 
the system at a substation along the line, the line must be divided 
at the substation into two distinct uniform sections, and each 
must be treated separately. 

Analyze the three-phase line system A' B\ A n B n , A ,n B ,n , 
into three separate single-phase lines, A, B n A u B in A ul B nn 
Fig. 1, in the usual way, each such single line carrying one third 
of the load, and being operated, at star voltage, with respect to 
its enveloping surface of zero-potential. This well known step 
enables us to consider one line only, say A B, operated as 
though single-phase, with its independent linear constants. 

Find the total resistance R in the line A B (ohms). 

Find the total reactance j X=j L co in the line A B (ohms); 
where £ is the wire inductance in henrys, and co is the 
angular velocity 2 nf, in radians per second, / being 
the frequency of operation, in cycles per second. 

Find the total leakance G in the line A B, if any (mhos). 

Find the total susceptance j B—j C co in the line A B , 
(mhos); 

where C is the total wire capacitance to zero-potential 
surface, in farads. 

Ordinarily, the leakance G is negligible, but it may be included 
for the sake of generality. 

Proceed to find the total wire impedance R-\-j X = Z /(3 1 ohms, 
where Z is the vector impedance at the angle /3i. The numerical 
value of Z may be called the modulus , and the value of /3i the 
argument , of the plane vector impedance. 

Also find the total wire admittance G+j B= Y /(3 2 mhos, 
where Y is the vector admittance modulus, and /3 2 the admittance 
argument. 
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Lay off a conductor, A B, Pig- % U> repivscnl the wired H 
of the line by the well-known “ split-eondensci nic mi. \ 
the line A B, place an air-corod reactance end ol im,r amr / 
ohms. At each end of the line, place a condenser o, half the 
admittance Fmhos. Then the three-part artihcial line . /(-(- 

will represent one wire of the line, except t ml »• 1 ■ 1 • ’ 1 ' * 

dielectric admittance applied in two equal terminal lumps, 
instead of being applied in uniform « .Htn mUom 1 he me 
ABGG, thus constituted, may be called the mrnrnl U 
of one wire of the line; because the nominal values ot the wire s 
impedance and admittance are ascribed to it. A nominal // 
artificial line is unable correctly to imitate the behavior ot an 
actual transmission line-wire, owing to the lumpmess error, just 



Fig. 2.— Nominal II of oiu? 
lint* win* .4 B 


Fit;, 4,. Ktpnv;ih tit tt <4 

Hm' win* of n hk!*.- II 


referred to; but it is readily possible so to modify the value 
of the impedance Z in the architrave A B, ami also t he value ol t he 
admittance Y/2 in each pillar, A G or B G, of tin- nominal II, 
as will make the lumpiness error vanish, or will make t he artificial 
line truly represent, at the terminals, the behavior ot one line 
wire, taking distributed leakance and capacitance into account. 
Such a corrected artificial line may be called the " equivalent U " 
of the line-wiref; because it then becomes externally equivalent 

* See a paper on “Calculation of the High-Tension bine.' 1 by 1’. H. 
Thomas, Transactions A, I. IS. 15., hurt 1, Vol. XXVIII, June, ltMI'.l. 


pp. (>41-686. ^ 

t The theory and demonstration of thin proposition art* fpvfn in M Tim 
Application of Hyperbolic Functions to Electrical Engineering Problems," 
by A. E. Kermclly. The University of London Press. Chapter f!I,p, SW. 
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to the same in every respect, during steady operation. The 
algebraic factors that must be applied to Z and F/2, in order to 
convert the nominal 77 into the equivalent 77, may be called the 
correcting-factors of the nominal 77. 

The correcting-factor of the architrave impedance A B 


sinh 6 
1S ~0 ’ 


and the corresponding correcting-factor of each pillar 


tanh 

admittance, A G or B G, is -^—; where 6 is the hyperbolic 


2 


angle subtended by the line, in hyperbolic radians,* defined by 
the relation: _ 

0 = Vz Y hyperbolic radians /_. 

This hyperbolic angle will be a plane-vector quantity. Its 
modulus will not exceed 0.5, with transmission lines operated 
at ordinary frequencies, and its argument will lie between 60 deg. 
and 90 deg. The equivalent II of a line-wire is represented 
diagrammatically at a b g g, Fig. 3. 

Having, therefore, found the line-angle 9, enter Table IV, 
for the nearest given architrave correcting-factor, and Table V, 
for the nearest given pillar correcting-factor. In general, the 


corrected line-wire impedance, which becomes 



is 


slightly diminished in modulus, but slightly increased in argu¬ 
ment. This ordinarily represents a slight reduction in con¬ 
ductor resistance, associated with a very small change in con¬ 
ductor reactance. That is, the I 2 R loss on a line wire is slightly 
reduced by correcting from the nominal 77 to the equivalent 77, 
or, the distributed capacity in a line produces slightly less P R 
loss, in actual operation, than if the line had its capacity applied 
in two equal terminal lumps. Again, Table V shows that the 
pillar correcting factor slightly increases the admittance modulus, 
but slightly diminishes the admittance argument; so that some 
I 2 R loss appears in the terminal condensers. 

Having found the equivalent 77 of each wire of the line as 
above, the behavior of the wire, under any assigned normal load, 
can be determined by known rules for simple alternating-current 
circuits. _____ 

* ; £>ee Transactions American Institute of Electrical Engineers,^Part I, 
Vol. XVII, pp. 698, 702, June 29, 1909. Discussion on Thomas’ paper. 
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Harmonic Frequencies . It has been assumed in the tongoing 
discussion that the e.m.f, existing at each end of the 
line possesses a purely sinusoidal wave-shape; or , in other 
words, contains the fundamental frequency only. If harmonic 
frequencies in the impressed e.m.f. have to be taken into ac¬ 
count, the process must be repeated for each harmonic fre¬ 
quency in turn. That is, the impedance Z , admittance 1 , 
and line angle 6 = Vz Y~, must be found for each harmonic 
frequency, independently. The nominal and equivalent //s 
of the line are then found for each such frequency. Under a 
given condition of load, the distribution of pressure and current 
is thus obtained for each frequency component, as though it 
acted alone. The resulting total distribution of pressure and 
current is then derived through the superposition of the various 
component distributions, by the process of* “ crab-addition ”, 
or equivalent methods. In general, the accompanying tables 
are not sufficiently extended in modulus to provide for eases of 
harmonics higher than of triple-frequency on very long lines; 
although they may cover cases of higher harmonies on shorter 
lines. 

Single-Phase Circuits. The analysis of a single-phase line, 
with two conductors, differs only from that of a three-phase 
line already discussed, in applying half the circuit load and 
impressed e.m.f., to each of the two wires, considered as operated 
to zero-potential surface. 

Interpolation between Tabular Values. In using the Table:;, 
interpolation is required both for intermediate values of the 
modulus, and for intermediate values of the associated argu¬ 


ment. 


Thus, in finding 


sinh 6 

0 


, from Table IV, for the particu¬ 


lar value of 0 = 0.25/70.5 deg., we require to find, first, the inter¬ 
polated value 0.25/70 deg., which is 0.98174/0°. 4 (on the 
basis of simple proportion), and then to deduce the interpolated 
value for 0.25/70°.5 by subtracting 0.00025/0.012, (the mean 
difference for 0.5 deg. of argument), obtaining, as the result, 
0.9814 9/0°.388. It should be observed, however, that owing 
to the rate at which the tabular values are changing, and the 
relatively large steps of 0.1 in modulus, simple proportional 
interpolation cannot be relied upon for precision in the fifth 

*“ The Application of Hyperbolic Functions to Electrical Engineering 

Problems”, Chapter VII, p. 101. 
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digit. In other words, unless second differences are taken into 
account, which involves much labor, the interpolated values 
can only be relied on to four digits, with the last in some doubt. 
In general, a sufficiently good interpolation for most practical 
alternating-current engineering purposes can be made by direct 
inspection, at a corresponding sacrifice of attempted high preci¬ 
sion. 


TABLE i 

HYPERBOLIC SINES 


60° 0 099917 60 082 0.19934 60.331 0.29777 60.746 0.39474 61.330 0.48978 62.085 
610 o 099912 61!081 o! 19929 61.324 0.29764 61.731 0.39441 62.302 0.48916 63.042 
62° o!099907 62.079 0.19925 62.317 0.29751 62.715 0.39409 63.273 0.48855 63.998 
63° 0 099902 63.077 0.19921 63.309 0.29738 63.698 0.39379 64.243 0.48795 64.950 
64° 0.099897 64.075 0.19918 64.301 0.29725 64.680 0.39349 65.212 0.48738 65.900 

65° 0.099893 65.073 0; 19914 65.293 0.29712 65.661 0.39320 66.179 0.48681 66.848 
66° 0.099889 66.071 0.19911 66.284 0.29700 66.641 0.39293 £7.144 0.48627 67.794 
67° 0.099885 67.069 0.19908 67.275 0.29689 67.621 0.39266 §8.108 0.48575 68.738 
68° 0.099881 68.066 0.19904 68.265 0.29678 68.599 0.39240 §9.070 0.48523 §9-679 
69° 0.099877 69.064 0.19901 69.255 0.29667 69.577 0.39214 70.030 0.48473 70.617 

70° 0.099873 70.062 0.19898 70.245 0.29657 70.555 0.39190 70.990 0.48426 71.554 
71° 0.099869 71.059 0.19895 71.235 0.29647 71.532 0.39167 71.948 0.48380 72.489 
72° 0.099865 72.057 0.19892 72.225 0.29637 72.508 0.39145 72.905 0.48338 73.422 
73° 0.099861 73.054 0.19889 73.214 0.29628 73.483 0.39123 73.861 0.48296 74.354 
74° 0.099858 74.051 0.19887 74.203 0.29620 74.458 0.39104 74.817 0.48257 75.284 

75° 0.099855 75.048 0.19885 75.192 0.29612 75.432 0.39084 75.771 0.48220 76.212 
76° 0 099852 76 045 0.19883 76.180 0.29604 76.406 0.39066 76.724 0.48184 77.138 
77° 0.099850 77.042 0.19881 77.168 0.29596 77.379 0.39050 77.676 0.48152 78.062 
78° 0 099847 78.039 0.19878 78.156 0.29590 78.351 0.39034 78.628 0.48123 78.986 
79° 0 099845 79.036 0.19876 79.144 0.29584 79.322 0.39018 79.578 0.48095 79.909 


80° 0.099843 80.033 0 
81° 0.099841 81.030 0 
82° 0.099839 82.026 0 
83° 0.099838 83.023 0 
84° 0.099837 84.020 0 

85° 0.099836 85.017 0 
86° 0.09^835 86.014 0 
87° 0.099834 87.011 0 
88° 0.099833 88.008 0 
89° 0.099832 89.004 0 


19875 80.131 0.29578 80.294 0.39004 80.528 0.48067 80.830 
19873 81.118 0.29573 81.266 0.38993 81.477 0.48044 81.750 
19872 82.106 0.29569 82.238 0.38983 82.425 0.48023 82.669 
19871 83.093 0.29566 83.209 0.38973 83.373 0.48004 83.587 
19870 84.080 0.29563 84.180 0.38965 84.3210.47987 84.505 


19869 85.067 0.29561 85.150 0 
19868 86.054 0.29559 86.120 0 
19868 87.041 0.29557 87.090 0 
19867 88.028 0.29555 88.060 0 
19867 89.014 0.29553 89.030 0 


38958 85.268 0.47972 85.422 
38952 86.215 0.47960 86.338 
38948 87.162 0.47952 87.254 
38946 88.108 0.47947 88.170 
. 38944 89.054 0.47945 89.085 


90° 0.099831 90.000 0.19867 90.000 0.29552 90.000 0.38942 90.000 0.47943 90.000 

Example of the use of Tab le: sinh (0.3/J^°) =0.29612/J75^ 

Note.— sinh p/5 =0/5 when p =0. 


Use of the Tables for Hyperbolic Angles Between 0.5 
and 1.0 in Modulus 


Although the correcting factors 


sinh 6 j tanh (6/2) 


, for re¬ 


ducing nominal to equivalent Us, are only tabulated up to 0.5 in 
modulus of 9; yet, with a little extra effort, they can be used 
for lines whose hyperbolic angles do not exceed 1.0 in modulus. 
That is, they can be used for doubled range. .It is evident that 
Table V is already sufficiently extended to apply to lines of 
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0 = 1; since only the semi-angle 6/2 in modulus has to ln> sought, 
in it. It is only Table IV, therefore, which needs to be ex¬ 
tended for the extra range. For this purpose, we may use 
the relation: 


sinh 2 0 = sinh0. co; . h 0 
20 6 


numeric 


TABLE II 

HYPERBOLIC GOBINES 


60° 0.99751 
61° 0.99736 
62° 0.99721 
63° 0.99707 
64° 0.99693 

65° 0.99079 
66° 0.99666 
67° 0.99653 
68° 0.99641 
69° 0.99629 

70° 0.99617 
71° 0.99606 
72° 0.99596 
73° 0.99586 
74° 0.99576 

75° 0.99567 
76° 0.99559 
77° 0.99551 
78° 0.99544 
79° 0.99537 

80° 0.99531 
81° 0.99525 
82° 0.99520 
83° 0.99515 
84° 0.99511 

85° 0.99508 
86° 0.99506 
87° 0.99504 
88° 0.99502 
89° 0.99501 


0.249 0.99012 
0.244 G.98952 
0.238 0.98893 
0.232 i0.98835 
0.226j0.98780 

0.220 0.98725 
0.214 0.98672 
0.207 0.98621 
0.200 0.98571 
0.193 0.98523 

0.185 0.98477 
0.177 0.98433 
0.169 0.98391 
0.161 0.98350 
0.153 0.98312 

0.144 0.98276 
0.135 0.98242 
0.126 0.98210 
0,117 0.98181 
0.108 0.98154 

0.099 0.98128 
0.090 0.98105 
0.080 0.98085 
0.070 0.98067 
0.060 0.98051 

0.050 0.98037 
0.040 0.98026 
0.030 0.98018 
0.020 0.98012 


0 999 0.97810 
0.979 0.97674 
0.957 0.97541 
0.934 0.97411 
0.91010.97285 

0.885-0.97163 
0.859; 0.97044 
0.8320.96927 
0.804;0.96814 
0.775j0.96706 

0,744 0.96601 
0.713 0.96500 
0.681 0.96404 
0.648 0.96313 
0.614 0.96227 

0.580 0.96145 
0,545 0.96068 
0,50910.95996 
0.4720.95929 
0.435 0.95866 

0.397 0.95808 
0.359 0.95756 
0.320 0,95710 
0.281 0.95670 
0.242 0.95635 

0,203 0.95605 
0. 163 0.95580 
0.123 0.95560 
I 0.082 0.95545 
0.0410.95537 


2.267 0.96191 f 
2 221 0,95948 
2.17310.95711 
2, 123(0.95478 
2.070 s 0.95251 

2 014'0.95031 
\ ,955:0,94816 
l 89410.94608 
l .830.0,94407 
1.764 0,94213 

1,696 0.94026 
1.626 0,93816 
1.553 0.93674 
\ .479 0,93510 
1.402 0.93354 


4 075 0 94219! 6 460 
3,998'0,93838! 6.343" 
a 914 0,9346.*; 6.217 
3 826 0,93099 \ 6 083 
3,733 0 92741 j 5 941 

3 635 0 92393 5.789 

5 532 0 92054 5 681 

3,423 0,91725; 5,468 
8 310 0.91407'; 5 288 

a 193 0 91 100 8 , 106 

3 072 0 90805! 4 916 
2 946 <1 90521 , 1 718 
2 816 0 90248 4,513 

2.682 0 89989 j 4.302 
2 514 0,89742 I 4' 085 


0; 010 0198009 0.041 0.95537 
0.000 0.98007 0.000 0.95534 


1 .324 0,93207 

2, 

408 0,89508! 

3 

861 

1 .244 0 93069 

2, 

258 0 892881 

3, 

681 

1.1620 92938 

2 

1 i 1 0 89081 j 

3 

396 

1,0780.92816 

1 

960 0 888891 

8 

155 

0.993 0,92705 

1 

807 0,887 11 ! 


910 

0.908 0,92603 

1 

652 0 885481 

** 

660 

0,82110.92509 

1 

494 0 88399 


406 

0.732 0,92425 

1 

3330,88266 f 


149 

0,643 0.92351 

1 

170 0.88147 1 

1 

8 KM 

0.552 0,92287 

t 

,0060,88044 | 

1 

624 

0.461 0.92233 

0 

,841 0 87957; 

t 

857 

0,369 0.92189 

0 

675 0 87886; 

1 

. 087 

0 2770 92154 

0 

5080.87880! 

0 

KI6 

0.185,0,92128 

0 

.340 0.87799 

0 

544 

0 093;0.92U 2 

0 

171 0 87766 ( 

0 

272 

0.000 0.92106 

0 

(500 0,87758 

0 

000 


“EiJampHTof the use of Table: coshV.'S/sT" -OJWttHt/S.-Mmi fl.WCKKI V. 

Noth.— cosh p/S** 1,0/0°. when s-0 whatever the value uf fl. 

Thus, suppose we require to find the value of the eurreeling- 

factor Sin ^ for the case of a line having a. hyperbolie angle 

u 

0 = 1.0/76° which is beyond the direct, range of Table IV. 
Find in that Table the value of —i 1 ^ for 0.5/76, the semi-line 
angle, which gives 0.96368 /1 8 .138. Now find the cosine of 
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0.5/76 deg. in Table II. It is 0.S9288/3°.631. The required 

value of S - n ~ 6 for 1/76 deg. is then: 0.96368 /l°.138 X0.89288 

0 - 

/3°.631 = 0.86045/4A769. 

Consequently, with the aid of this extra step, harmonic fre¬ 
quencies or lengths of line, can be dealt with extending up to 
1.0 modulus in the line-angle d. 


TABLE III 

HYPERBOLIC TANGENTS 


n inni7 0 20133 59.332 0.30444 58.479 0.41037 57.255 0.51983 
61° 0 10018 60.837 0.20140 60.345 0.30473 59.510 0.41107 §8.305 0.52128 
62° 0 10019 61 841 0.20148 61.360 0.30501 60.542 0.41176 *^59 0*52271 
63° 0 10020 62 845 0.20156 62.375 0.30528 61.575 0.41244 60.0.o241^ 
64° 0.10020 63.849 0.20164 63.391 0.30555 62.610 0.41311 61.479,0.5255., 


65° 0.10021 
66 ° 0.10022 
67° 0.10023 
68° 0.10024 
69° 0.10025 

I 70° 0.10026 
! 71° 0.10026 
72° 0.10027 
73° 0.10028 
74° 0.10028 

75° 0.10029 
76° 0.10029 
77° 0.10030 
78° 0.10030 
79° 10.10031 

80° 0.10031 
81° 0.10032 
82° 0.10032 
83° 0.10032 
84° 0.10033 

85° 0.10033 
86° 0.10033 
87° 0.10033 
88° 0 10033 
89° 0.10033 


64 853 0.20171 64.408 0.30580 63.647 0.41376 62.544 0.52689 6 

65 857 0.20179 65.425 0.30605 64.686 0.41441 63.612 0.52824 G 

66 86? 0 20186 66.443 0.30630 65.727 0.41504 64.685 0.o2957 6 
67.866 0.20193 67.461 0.30655 66.769 0.41565 65.7600.53085 6 
68.871 0.20199 68.480 0.30678 67.813 0.41623 66.837 0.o3209 G 

aq R77 n 909CV) 69 501 0 30701 68.859 0.41680 67.918 0.53330 G 
70'889 o'20212 70 522 0 30722 69.906 0.41735 69.002 0.53446 G 
7?ilio'20217 71:544 0.30742 70.955 0.417S8 70.089 0.53560 
72 893'0 20223 72.566 0.30762 72.005 0.41838 71 • *79 2' - 

73.898!0.20228 73.589 0.30781 73.056 0.41886 72.272|0.53773 / 

74 904 0.20234 74.612 0.30799 74.108'0.41932 73.368 0.53872 } 

75 9100.20239 75.635 0.30816 75.162 0.41975 74.466 0.53965 t 

76 Q16 0 20243 76 659 0 30831 76.217 0.42016 75.566 0.54C54 » 
77'922 0*20246 77:684 0.30846 77.273 0.42054 76.6580.54138 J 
78.928 0.20250 78.709 0.30860 78.329 0.42088 77. /71 0.54215 < 


79.934 0.20254 79.734 0.30872 79.386 0.42120! 

80 940 0 20257 80.759 0.30884 80.445 0.421o0 

81 946 0.20260 81.785 0.30894 81.506 0.42177 

82 953 0 20263 82.812 0.30904 82.567 0.42201 
83.960 0:20265 83:838 0.30912 83.628 0.42222 

84 967 0.20267 84.864 0.30920 84.689 0.42239 

85 974 0 20268 85.891 0.30926 85.751 0.42252 
36 981 0 20270 86.918 0.30930 86.S13 0.42264 
87 988 0.20270 87.946 0.30933 87.875 0.422<4 
88.994 0.20271 88.973 0.30934 88.937 0.42279 


78.876 0.54285 1 
79.98310.54349 ' 
81.092 0.54407 i 
82.203 0.54459 i 
83.315 0.54503 i 

84.427!0.54540 1 
85.540 0.54571 1 
86.654! 0.54596 1 
87.76810.54616 ; 
188.88310.546281 


90° 0.10033 190.00C|0.20271 j90.000 0.30934J90.000 0.42280 90.OOOjO.54631 j! 

' Example ol the use of Table: tan h O-2/TOf -O^OaWm-aOl 
Note. —tanh p/t =0/5 when p =0. 


Numerical Example. A three-phase transmission line has a 
length of 250 km. (155.34 statute miles), and consists of three 
No. 000 A. W. G. aerial copper wires, 0.41 inch (1.041 cm.) in 
diameter, supported symmetrically, on pole insulators, at a 
uniform interaxial distance of 72 in. (193 cm.). Required to 
find the equivalent 17 of each wire, at an impressed sinusoidal 
frequency of 25 cycles per second. The following are the as¬ 
sumed linear constants of the line, referred to one wire. 
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Linear conductor resistance r = 0.200 ohm,km. 0.:« ohm/mil 


Linear conductor inductance / 
millihenry/mile. 

Linear dielectric leakance £ = 0. 
Linear dielectric capacitance c 
0.01526 microfarad/mile. 


1.22211 millihenry km. 1. 


0,0004828 mitT«faratl/km. 


60° 0.99917 
61° 0.99912 
62° 0.99907 
63° 0.99902 
64° 0.99897 

65° 0.99893 
66° 0.99889 
67° 0.99885 
68° 0.99881 
69° 0.99877 

70° 0.99878 
71° 0.99809 
72° 0.99865 
73° 0.99861 
74° 0.99858 

75° 0.99855 
70° 0.99852 
77° 0.99850 
78° 0.99847 
79° 0.99845 

80° 0.99843 
81° 0.99841 
82° 0.99839 
83° 0.99838 
84° 0.99837 

85° 0.99830 
86° 0.99835 
87° 0.99834 
88° 0.99833 
89° 0.99832 


TABLE IV 

CORRECT!NO FACTOR 


,0,99070 0.331 0 99 


0.060 0.9952010.205 
0.004 0.99505 0.255 

0.002 0.99490 0.245 
0.059 0.99475 0,235 
0.057 0,99400 0.225 
0.054 0,99445 0,214 
0,051 0,99435 0.203 

0.048 0.99425 0. 192 
0.045 0.99415 0,180 
0.042 0.99405 0, 108 
0.039 0.99395 0.150 
0.030 0.99385 0.144 

0.033 0.99375 0.131 
0.030 0.99305 0.118 
0,020 0.99300 0. 100 
0.023 0,99355 0,093 
0,020 0.99350 0,080 

0.0*17 0.99345 0,007 
0.014 0,99340 0.054 
0.011 0,99335 0.041 
0.008 0.99335 0.028 
0.004 0.99335 0.014 


0. 

( 

0 4 



0 5 


0,99257 

o 

0.740 

1 i 

0,98085 {1 

330 

0 

1005012 

085 

0.99213 

0.731 

0 98O03|I 

302 

0 

07832 U 

042 

0.99170 

0.715 

0,08523 1 

273 

0 

07710 1 

.998 

0.99127 

0,098 

0.98448 1 

243 

0 

975911 1 

,950 

0.99083 

0.080 

0,98373 1 

212 

0 

07470\1 

1 

,900 

0.99040 

0 001 

0,08300 l 

179 

0 

97304 1 

.848 

41,99000] 

o on 

0.98232!1 

144 

0 

97254 1 1 

794 

ill . 98903! 

0.021 

0.98105 1, 

108 

0 

97150,1 

738 

41.98927 1 

(4.599 

0.98100 i 

070 

0 

97040 1 

079 

41.98891 

0,577 

4,1,9803511, 

(130 

0 

90940|I 

0|7 

0,98857 

0,555 

0 07075 Id 

990 

0 

00852 |\ 

, 554 

0,98823 

0.532 

,0,97918 0 

948 

0 

0070011 

489 

(1.98790 

(4.508 

41 0780310 

905 

0 

90070jt 

422 

(1.98700 

0.483 

0 07808 (1 

H01 

0 

00592 l 

' 354 

O 98733 

US 4 58 

<1 97758(1 

.817 

0 

90314 1 

. 284 


0.98707 0.432 
(1.98080 0 400 
0 98053 0,379 
!0.98033 0,351 
0.98013 0.322 

i). 08593 0 294 
(1.98577 0.200 
41.98503 0.238 
i0,98553 0.209 
41,98542 0,180 


0 97710 0 771 
0.97005 0.724 
097025 0 070 
41 97585 0 028 
0 97545 0 57H 

41.97512 0 528 
0 97483 (1 477 
0 97458 0 425 
44.9743310 373 
4197413|0 321 


10.98537 (4,150 0.97395 0 208 
(1.98530 0.120 41,97380 0 215 
0.98523 0.090 O 9737010 102 
0,98517 0,000 (1 9730510 108 
0,98510 0,030 0,97300 0 051 


(l 90440 1 212 
0 90808 1 138 
9 90304 1 002 
0 90240 0 980 
0 00190 0 909 

0 00134 0 830 
« 06OHH 0 750 
’0 00040 0,009 
0 00008 0 587 
0 95074 U 503 

0 95044 0.422 
0 05920 0 338 
it 93004 0 254 
0 95894 0,170 
44.05H00 0,085 


90° 0.99831 0.000 0,90335 0.000 0,98507 0.000 41,07355 0 000 (1 05880 0,000 


si nil 0,3/HO 0 

Example of the use of Table: —0,98593/0.^294 *0.96893/0, 11 17/38* 
si n il 0 

Noth.—— * 1.0/0° when 0 0/5. 

0 


From these we obtain the following wire constants: 

Total conductor resistance K = 51.5 ohms per wins 
Total conductor inductance JC —0.30557 henry per wires 
Total dielectric capacitance C = 2,3707 microfarads per wilts 

At the frequency /=25, the impressed angular velocity 
is co = 157.08 radians/sec. so that the total conductor reactance 
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j X —j JC co =j 47.999 ohms per wire, and the total dielectric 
susceptance j C co=j 3.72396 X10“ 4 mho per wire. The 
conductor impedance is Z — 51.5+j 47.999 = 70. 4/42°.985 ohms 
per wire. The dielectric admittance is Y—O+j 3.72396X10 -4 
= 3.7239 X 1Q~ 4 /9Q ° mho per wire. With these data, we obtain 
the nominal TI of each wire A B G G, Fig. 4. 


TABLE V 

tanh 8 

CORRECTING FACTOR - 

6 


Note. —All the angles found in this table are negative 



0.1 

0.2 

0.3 

0.4 

0.. 

5 

60° 

1.0017 

0.167 

1.0067 

j 

0°668 

1.0148 

1.521 

1.0259 

2.745 

1.0397 

4° 375 

61° 

1.0018 

0.163 

1.0070 

0.655 

1.0158 

1.490 

1.0278 

2.695 

1.0425 

4.300 

62° 

1.0019 

0.159 

1.0074 

0.64C 

1.0167 

1.458 

1.0294 

2.641 

1.0454 

4.220 

63° 

1.0020 

0.155 

1.0078 

0.625 

1.0176 

1.425 

1.0311 

2.583 

1.0482 

4.133 

64° 

1.0020 

0.151 

1.0082 

0.609 

1.0185 

1.390 

1.0328 

2.521 

1.0510 

4.041 

65° 

1.0021 

0.147 

1.0086 

0.592 

1.0193 

1.353 

1.0344 

2.456 

1.0538 

3.942 

66° 

1.0022 

0.143 

1.0090 

0.575 

1.0202 

1.314 

1.0360 

2.388 

1.0564 

3.836 

67° 

1.0023 

0.138 

1.0093 

0.557 

1.0210 

1.273 

1.0376 

2.315 

1.0591 

3.724 

68° 

1.0024 

0.134 

1.0097 

0.539 

1.0218 

1.231 

1.0391 

2.240 

1.0617 

3.609 

69° 

1.0025 

0.129 

1.0100 

0.520 

1.0226 

1.187 

1.0406 

2.163 

1.0642 

3.489 

70° 

1.0026 

0.123 

1.0103 

0.499 

1.0234 

1.141 

1.0420 

2.082 

1.0666 

3.362 

71° 

1.0026 

0.118 

1.0106 

0.478 

1.0241 

1.094 

1.0434 

1.998 

1.0689 

3.229 

72° 

1.0027 

0.112 

1.0109 

0.456 

1.0247 

1.045 

1.0447 

1.911 

1.0712 

3.091 i 

73° 

1.0028 

0.107 

1.0112 

0.434 

1.0254 

0.995 

1.0460 

1.821 

1.0734 

2.948 : 

74° 

1.0028 

0.102 

1.0114 

0.411 

1.0260 

0.944 

1.0472 

1.728 

1.0755 

1 

2.800 i 

l t 

75° 

1.0029 

0.096 

1.0117 

0.388 

1.0266 

0.892 

1.0483 

1.632 

1.0774/2.649 j 

76° 

1.0029 

0.090 

1.0120 

0.365 

1.0272 

0.838 

1.0494 

1.534 

1.0793 

2.493 | 

77° 

1.0030 

0.084 

1.0122 

0.341 

1.0277 

0.783 

1.0504 

1.434 

1.0811 

2.333 j 

78° 

1.0030 

0.078 

1.0123 

0.316 

1.0282 

0.727 

1.0513 

1.332 

1.0828 

2.169 j 

79° 

1.0031 

0.072 

1.0125 

0.291 

1.0287 

0.671 

1.0522 

1.229 

1.0843 

2.001 

80° 

1.0031 

0.066 

1.0127 

0.266 

1.0291 

0.614 

1.0530 

1.124 

1.0857 

1.830 

81° 

1.0032 

0.060 

1.0129 

0.241 

1.0295 

0.555 

1.0538 

1.017 

1.0870 

1.656 

82° 

1.0032 

0.054 

1.0130 

0.215 

1.0298 

0.494 

1.0544 

0.908 

1.0881 

1.480 

83° 

1.0032 

0.047 

1.0132 

0.188 

1.0301 

0.433 

1.0550 

0.797 

1.0892 

1.301 

84° 

1.0033 

0.040 

1.0133 

0.162 

1.0304 

0.372 

1.0555 

0.685 

1.0901 

1.119 j 

85° 

1.0033 

0.033 

1.0134 

0.136 

1.0307 

0.311 

1.0560 

0.573 

1.0908 

0.935 5 

86° 

1.0033 

0.026 

1.0134 

0.109 

1.0309 

0.249 

1.0563 

0.460 

1.0914 

0.749 

87° 

1.0033 

0.019 

1.0135 

0.082 

1.031C 

0.187 

1.0566 

0.346 

1.0919 

0.562 i 

88° 

1 0033 

0.012 

1.0135 

0.054 

1.0311 

0.125 

1.0568 

0.232 

1.0923 

0.374 ! 

89° 

1.0033 

0.006 

1.0135 

0.027 

1.0311 

0.063 

1.0570 

0.117 

1.0926 

0.187 

90° 

1.0033 

0.000 

1.0136 

0.000 

1.0311 

0.000 

o 

3 

o 

0.000 

1.0926 

1 

0.000 

1 


Example of the use of Table:- QAC7Y 1-0434\1.°998 1.0434\1.°59. 53 . 


tanh 6 

Note. -= 1.0/0° when 6=0/8. 

6 


We next proceed to find the line angle 6 as follows: 

6 = V70.4 /42°.985 X 3.7239 X lFyOO 5 
= V0.0262167 /132°.9 85 
= 0.161915 /66°.492 hyp. 
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Entering Table IV with the line angle 0.162/60A5, wr find the 
architrave correcting factor to be 0.1)07.'0° IS. Also, entering 
Table V with the semi-line angle 0.081/00°. 5, we find the pillar 
correcting factor 1.0016\i)M()°. The corrected value of line 
impedance becomes therefore 70.4/42T085X 0.007/"OTIS ■■■ 70.10 
/43°.165, and that of each pillar admittance \ .802 X 10 5 00 5 s 
1.0016X0° 10 = 1.865/89°.9X10 4 mho. These values produce 
the equivalent 11 of each line-wire, as shown in Hg. »>. 1 hat is, 

the external behavior of the actual line at any load could not. be 



p lG# 4 , —Nominal 11 of line wire Pu;, f>. -Equivalent U *4 line win 
in numerical example in numerical example 


distinguished from that of an artificial Hue of three, equivalent 
//s, each having, as architrave, an impedance coil of 70.10/43".105 
ohms, and terminal pillar admittances, each of 1.865X 10 f SO .0 
mhos, such as might be produced by a condenser of 2.575 micro¬ 
farads in series with a resistance of 0.75 ohms. The voltage 
regulation and efficiency of the three-phase line in the steady 
state of operation can now be determined by known methods, 
since the actual line is replaced by definite groups of reactance 
coils and condensers. 





A provisional report from ike American Committee, 
subject to, and until such time as the official 
report of the Commission shall appear. 

Copyright 1911. By A. I. E. E. 


TURIN MEETING OF THE INTERNATIONAL 
ELECTROTECHNICAL COMMISSION 
SEPTEMBER 7-13, 1911* 

Historical Outline 

It was voted by the Chamber of Government Delegates at 
the International Electrical Congress of St. Louis in 1904, that 
an international electrotechnical commission should be estab¬ 
lished to carry on the work commenced at that Congress. The 
commission came into official existence in 1906, owing, in large 
measure, to the work of Colonel R. E. Crompton, C.B., who has 
served as its honorary secretary from its inception. The initia¬ 
tion of the organization was thus a sequel to the work of the St* 
Louis Congress. The first meeting of the commission, for 
organization, took place at London in 1906, and was attended 
on behalf of the American Institute of Electrical Engineers 
by Messrs. F. B. Crocker, C. 0. Mailloux, and C. H. 
Sharp. Lord "'Kelvin was elected the first President of the 
Commission, an organization was formed, and statutes adopted 
M. C. leMaistre was appointed General Secretary, with an office 
in London, at 28 Victoria St. 

A council meeting of the Commission was held in London m 
1908, and was attended by Mr. C. O. Mailloux on the part of 
the United States Committee, appointed by the American 
Institute of Electrical Engineers. Professor Elihu Thomson 
was elected President on the demise of M. Mascart. Work was 
commenced at this meeting. Inasmuch as a principal difficulty 
in the deliberations of any int ernation a lly selected body lies m 

*A provisional report from the U. S. National Committee to the 
Board of Directors of the A. I. E. E., and subject to such official reports 
of the meeting as may be issued by the Commission. 

o 
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diversities of language, two languages—1< reneh and English 
were chosen by vote, as the official languages of the assembly; so 
that all reports, transactions and publications of the commission 
have to be prepared, delivered, and printed in these tw<> languages 
simultaneously. French was voted for, instead of German, 
because the French language was more generally known to, 
and used by, the delegates, than the German. A single language, 
had it been possible, would have been much easier to deal with 
officially; because there is necessarily great difficulty in ob¬ 
taining strictly equivalent renderings of any statement or resolu¬ 
tion in two languages simultaneously. Si* great, is this difficulty 
of bilingual renderings, that any attempt to introduce a third 
official language, and so to maintain three mutually equivalent 
renderings of all the proceedings, would probably break down in 
failure. 

The meeting of 1908 saw work commenced on international 
nomenclature or lists of equivalent electrotechnical terms in one 
or more pairs of languages. Incidentally, it was decided as a, 
matter of practical necessity,**that all the quantitative resolutions 
of the commission should he stated and published in the inter¬ 
national metric system of weights and measures, non-metric 
countries being allowed to employ their local equivalents of 
such values in parentheses. 

In August, 1910, an unofficial meeting of the commission was 
held at Brussels, at the invitation of the 'Belgian committee, and 
under the acting presidency of Professor line Gerard, Messrs, 
A. E. Kennedy and Charles P. Scott attended this meeting 
on behalf of the United States Committee, appointed by the* 
American Institute of Electrical Engineers. n6rive discussion 
took place, and good progress was made, in several technical 
directions, namely: 

(1) International eleeUmteehnieal nomenclature and term¬ 
inology. 

(2) International symbols. 

(3) International rating of machines. 

The American Committee also reported the vote of the 
A, I. E. E., taken at the Jefferson convention, June, 1910, to 
refer to the commission the question of the direction of phase 
advance in alternating-current vector diagrams, for an interna¬ 
tional decision. The meeting accepted the proposition, and 
referred the question to all the national committees for con¬ 
sideration, and report at the next meeting. 
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It had been proposed to hold the next meeting at Berlin in 
1911; but, in view of the proposal to hold an International 
Electrotechnical Congress at Turin in 1911, in connection with 
the Turin-Rome Exhibition, the German committee postponed 
its invitation, and the Italian committee’s invitation was then 
accepted, to hold the next meeting of the Commission at Turin, 
in connection with the date of the Congress. 

During the year 1910-1911, the central office in London cir¬ 
culated the questions raised at the Brussels meeting among the 
various national committees. The report of the Brussels 
meeting was published* in the Proceedings of the A. I. E. E., 
and the American committee reported the actions at Brussels 
to the Board of Directors of the A. I. E. E. 

At the date of the Turin meeting of the Commission, the 
following countries had organized national committees of the 
Commission, sharing alike annually in the expenses of the 
Commission: 

(1) Austria (8) Germany (15) Mexico 

(2) Belgium (9) Great Britain (16) Spain 

(3) Brazil (10) Holland (17) Sweden 

(4) Canada (11) Hungary (18) Switzerland 

(5) Chile (12) India (British) (19) United States 

(6) Denmark (13) Italy (20) Uruguay 

(7) France (14) Japan 

In some of these countries, such as British India, the com¬ 
mittee is appointed by the government alone. In others, such 
as the United States, it is appointed by a single dominant 
electrotechnical Institution. In others, such as France, it is 
appointed by a number of electrotechnical societies, in coopera¬ 
tion. In all cases, however, the central office of the Commission 
recognizes and communicates solely with the local committee of 
each country, to the exclusion of any societies or institutions in 
that country. In other words, a national committee is organized 
in each country by the electrotechnical forces resident therein; 
but once the national committee is formed to represent that 
country, the central office deals exclusively with the committee, 
and communicates with that country through no other channel. 

The Turin Meeting 

The attendance at the Turin meeting by National Committees 

and their delegates was as follows: ____ 

*Proceedings of the A. I. E. E. f December 1910, pages 10-11. 
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President of the Commission, Dr. Iililw Thomson. . 

Belgium. MM. Armand Hollcux. (5. A- lAHoest. h. < —1, <>. IV Ha,. 

BrJrinZnGovernment, U. P. H. Means. Cownunen. D-h-gate. 
Canada. Professor L. W. Gill. 

Denmark. M. S. A. Faber, Professor Absalon Larsen '-s.vr-l.in .. 
Ecuador. Sr. Richard Muller, Professor of Hleetneal hwatiMiUK at 

University of Quito. , . 

France. MM. R. V. Picon (President), H. Armagimt, 1 . 1 .m, hen. , 

E. Brunswick, M. J. Blondin, CU. David (secretary ', lau! Janet, 

F. Laporte (Adjunct Secretary), R. IA-f-ouez, Koux. 

Germany. Herr Professor Dr. E. Budde (President) I resident ,4 the 
Verband Deutscher Elektroteehniker, Herr Georg Deltm.u toeere 
tary), HcrrGeh. Obcr Postrat Professor Dr. D. K. Slreeker. 1 resident 
of the Committee on Units and Symbols of the Verband limit seller 
Electrotechniker. 

Great Britain. M M. Alexander Siemens (President.), British < ".venmte.it 
Delegate, W. Duddell, F. R. S., Major W. A. J. O'Meara. LM.l.,, 
C.B., British Government Delegate, M. K. K. l.rav, Dr. Silvaitu. 
P. Thompson F.R.S. British Government Delegat e, Pr. ) •• • r T. 
Mather, M. P. F. Rowell (Secretary) ( t 

Holland. Professor Clarence Feldmann, President ut the 1%1‘n trn al 
Section of the Dutch Society of Engineers. M. L. M. ltantet Lyon. 
Hungary. Professor I)r. Moritz# de Hoot -1 cmpes. 

Italy. Professor Luigi Lombardi (President), President ut the Assu 
eiazione Elettrotecnica Ilaliana, Signor t\ C leriei, Professor Condo 
Grass!,-Signor E. Jona, Signoi C. Motmu Parliamentarv Deputy, 
Signor G. Semenza (Secretary), Signor V. Var ole, 

Japan. Professor Dr. A. Oya, 

Mexico. Senor. Alfonso Gastello. 

Panama. The Consul of Panama at Turin. 

Portugal. II Barone. Nasi, the Portuguese Consul at Turin, 

Spain. Senor Don Luis de la Pe a. 

Sweden. MM. C. A. Rossander (President), E. C. Erieson tSecretary). 
Switzerland. M. la Professor J. Landry (Secretary), K. Taub.u*. 

United States. MM. C. O. Muilloux (President) U. S. Government Dele¬ 
gate, Gano Dunn, President ot the American Institute ut Electrica! 
Engineers and U. S. Gov. Delegate, Dr. A. E. Kennelly (Secretary), 
Dr. Clayton II. Sharp, 


the Av'.o 
ssor Guido 
V Deputy, 


General Officers of the Commission 

Colonel R. E. Crompton, C.B., (Honorary Secretary), M. G. IcM.tiDrc, 
General Secretary, M. E. Litton, Assistant.. 

Nineteen countries, and eleven languages, were tints repre¬ 
sented by 51 delegates, including the Presidents of the American, 
Dutch, German and Italian Institutions of electrical engineers. 

The meetings at Turin were held in the handsome council 
chamber of the Provincial Palace of the Prefecture. 
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Official First Session, September 7th 
At the first meeting, on September 7, after a reception by 
President Elihu Thomson, an address of welcome was given 
by His Excellency Signor Calissano, Italian Minister of Posts 
and Telegraphs. President Thomson then read an address, in 
which he complimented the influence of Italian genius upon the 
philosophy science and art of the world, and offered the con¬ 
gratulations of the Commission to the Italian nation on the 
fiftieth anniversary of its political union. He called at¬ 
tention to the growth and development of the Commis¬ 
sion, the importance * of its work, and the desirability of 
appointing various international sub-committees to carr y on the 
work during the interim periods between successive meetings. 
This suggestion was very cordially received by the assembly. 

After the report of Honorary Secretary Colonel Crompton, 
indicating the recent progress of the Commission, an election 
was held for officers of the ensuing period. M. Picou, the Presi¬ 
dent of the French Committee, indicated the importance of 
Dr. Budde’s past services to electrotechnics and to the 
Commission. He moved that Dr. E. Budde, the President 
of the German Committee, and of the Verband Deutscher 
Elektrotechniker, should be elected as President of the Com¬ 
mission, to succeed President Elihu Thomson. This motion 
was carried unanimously with acclamation. The Honorary 
Secretary and General Secretary were reappointed also with 
acclamation. Professor Lombardi was also unanimously elected 
to preside over the unofficial meetings, on September 8 and 9. 
After an official photograph of the assembly had been taken, 
the meeting adjourned. 

Unofficial Second Session, September 8 
Ar the unofficial meeting of the 8th, the first matter consid¬ 
ered was international nomenclature. A subcommittee of one 
delegate from each of the countries Belgium, France, Germany 
and Great Britain,—had been charged at the Brussels meeting, 
with the preparation of a report on this subject, and had met, 
earlier in the year, at Cologne. This sub-committee presented 
a list of 56 electrotechnical terms in general use, in connection 
with dynamo-electric machinery, drawn up in English and 
French, with their respective definitions in those official lan¬ 
guages. . 

It may be said that it has hitherto been the policy of the 
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American Committee to Lav,.. a,u,v m l.- Lav.l, 1, 

language to their confrlret in (Iren, linlam. val.T .. 

attempt a separate A.neriean 1" ;■ 

where the American usage of a term .l.llvn-l uppr.w,:,!, v l,o,n 
the British usage, notice of the fuel was sent to rite Bme* < • m- 
mittee, which had then proceeded either ,o In,. I a , unrip, canon ,n 
terms suitable to the engineers of but!, eonnlrte t or to specie 
the distinction between the respective usages. 

After some discussion, the report of the st.lw.mm.itUv was 
accepted, and provisionally adopted, by the meeting; with an 
order to print the same in both alphabetical amUugieal oidcm. 

A subcommittee on nomenclature consisting ,MU ‘ 
from the British, French and Herman committees, wa.: then 
voted, to continue the work, and to rep«.rt at the next meet tup, 
of the Commission. The Danish and Spanish commit tees were 
especially invited to send delegates to follow the work oi this 
subcommittee. Delegates from any or all nanmial committees 
were held to be free to attend the meet inns . .f t his or ot her spinal 
subcommittees. The central otliee was, hmveyer. to arrange 
solely with the special sulicmnnntt.ee mend Kirs tor the dates <»t 
their meetings, the national committees being then informed ot 

the dates selected. . 

The French committee submitted printed copies ot its, 

“ Vocabulaire Electroteehnique ” of 323 eleetroteelinie.il kreueli 
terms, and their definitions in French, a task executed with a 
view to assisting in the work of the 1. E. D. 

The British committee also submitted printed copies o! it . 
latest work on nomenclature “Terms commencing with the 
letters F to M ” being a list of 132 English terms in alphabetical 
order, with their English definitions, and also with unollicial 
definitions in French. 

International Symbols. The report ot the Brussels eoutereuee 
on symbols was then taken up. 'fids report had been printed, 
and circulated among the various national committees, lor 
nearly a year. The proposals were, after considerable dis¬ 
cussion, adopted provisionally in the following form: 

1. Instantaneous values of electrical quantities which vary 
with the time are to be represented by small letters. 

2. Virtual or constant values of electrical quantities to he 
represented by capital letters. 

3. Maximum values of periodic electrical quantities to be 
represented by capital letters followed by the subscript “ m 
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4. Magnetic quantities, whether constant or variable, to be 
represented by capital letters of either script, Gothic, heavy¬ 
faced, or of any other special type. 

5. Maximum values of magnetic quantities to be represented 
by capital letters of either script, Gothic, heavy-faced, or of 
any special type, followed by the subscript “ m 

6. The following quantities to be represented by the following 
letters: 


Electromotive force 

E, e 

Electric quantity 

<2. 2 

Self-inductance* 

c, L] 

Magnetic force 

3C, H f 

Magnetic flux density 

«, bJ 

Length 

L, l 

Mass 

M, m 

Time 

T, t 


Dr. Budde, in the name of the German committee, and Mr. 
Alexander Siemens, in the name of the British Committee, pro¬ 
posed the definite adoption of the letters /, E and R to represent, 
respectively, the current, the electromotive force, and the 
resistance, in the simple algebraical expression for Ohm’s law. 
This proposition was unanimously adopted. 

M. Picou proposed, and Dr. Feldmann seconded, the proposi¬ 
tion that in questions relating to alternating currents, the term 
“ reactive power ” be adopted to designate the quantity UI sin 4> 
where U is the virtual alternating potential difference, I the 
virtual current, and cj> the difference of phase between them. 
This proposition was adopted. 

A subcommittee consisting of one member from each of the 
following countries was appointed, to continue the study of the 
question of international symbols. 

Belgium, France, Germany, Great Britain, Holland, Italy, 
Spain, Switzerland, United States. 

Certain supplementary propositions of the French committee 
were referred to this subcommittee for consideration, and, at the 
suggestion of Mr. Feldmann, the question of special terms of a 
similar nature to 11 reactive power ” was also referred to this 
subcommittee. 

Summing up then the action of the assembly on symbols, the 

*Coefficient of self-induction. fSee Articles 4 and 5 as to font. 
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recommendations of the Brussels conference were not only 
provisionally adopted, with minor amendments; i.e. adopted 
subject to possible revision, in detail, at some future commission 
meeting, but, owing to the loyal international cooperation of 
Germany and Great Britain, an international symbolic state¬ 
ment was definitely adopted for Ohm s law. y 

Unofficial Third Session, September 9 
Diagrams for Alternating-Current Quantities. The question 
as to the direction of phase advance in the graphic representation 
of alternating-current quantities was taken up, as proposed by 
the Brussels conference, and in pursuance of the action originally 
taken by the American Institute of Electrical Engineers at its 
Jefferson Convention in 1910. 

After a brief discussion, in which unanimity of opinion was 
manifested, it was moved by Professor S. P. Thompson, that 
the direction of phase advance should be in the counter-clockwise 
direction, as originally taken by Dr. Fleming. The following 
proposition was then unanimously adopted. 

In the graphical representation of alternating electric and 
magnetic quantities, advance in phase shall be represented in the 
counter-clockwise direction. 

Note. —The impedance of a reactive coil, of resistance R , 
and inductance L, is 1 R oj, and that of a condensei 

of capacity C, is 7 y- ., where w is E 

V — 1 C CO 

jl 

equal to 2 tX frequency. 7 1 

It follows also that the diagram herewith / 

represents the phase relations in a simple / 
alternating-current circuit containing an im- / 
pressed electromotive force 0 E and a lagging o 
current 01. 

S ummin g up, then, the action of the assembly concerning 
alternating-current diagrams, or so-called vector diagrams, there 
was complete unanimity of opinion among all of the national 
committees, after a year of consideration for the subject, that 
the order of advance in phase in such diagrams should be counter¬ 
clockwise. All reference to the methods for deriving such dia¬ 
grams was carefully avoided. That is to say, the question as to 
whether a “crank diagram”, or a polar “time diagram”, 
should be used, was not entered into, and only the relations of the 
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final vector-diagram were discussed. This leaves to engineers 
entire freedom to arrive at the internationally standardized 
vector diagram in any desired manner. 

Ratings of Electrical Machinery and Apparatus. The proposi¬ 
tions of the Brussels conference in regard to rating were adopted 
without modification as follows: 

1. The output of electric generators is defined as the electric 
power available at the terminals. 

2. The output of electric motors is defined as the mechanical 
power available at the shaft. 

3. Both the electric and mechanical powers to be expressed • 
in international watts. 

A subcommittee consisting of one member from each of the 
following national committees was appointed to study the subject 
of the international rating of electrical machinery and apparatus: 

Belgium, France, Germany, Great Britain, Italy, Sweden, 
Switzerland, United States. 

Professor Elihu Thomson drew attention to a printed docu¬ 
ment “ Extract from the Rules of various countries in reference 
to the rating of electrical machinery,” published by the central 
office. This work, the value of which he was glad to recognize, 
would be likely to prove of great utility to the subcommittee. 

In the name of the Italian committee, Mr. Jona presented a 
report dealing with this subject and especially with the question 
of prime movers, when closely related to electrical machinery. 

The report was referred to the special committee, with in¬ 
structions to give most careful consideration to the proposals 
of the Italian committee. 

The national committees were requested to put themselves 
into communication with the technical societies of their re¬ 
spective countries, in order to facilitate the work of the Com¬ 
mission. 

Summing up then the actions of the assembly in regard to 
international rating, although but little has yet been accom¬ 
plished in this direction; yet the special subcommittee is now in 
a fair way to accomplish much, that has hitherto been im¬ 
possible owing to differences of language, of national customs, 
of construction, and of viewpoint. 

Future Meetings of the I. E. C. 

The proposition of Signor Lombardi and Mr. Alexander 
Siemens, that the next official meeting of the I. E. C. be held 
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i 4 i ii,n pv-ir! 1 1 at<‘ i“ Ik* listnl by tlu* 
at Berlin, in IMS, wa» nnl .-.mnni,h en. 

central office, after consul ,.n art t , „ 

An unofficial meeting may be .ui.m r , 

necessary. , , > j,y mrdiully 

ivtr Gano Dunn i us President ol * ' t . 

• AiZ l 1 C IO hold an official meeting at San l-ranctsm, 

invited the I. L-t -t _ Exposition, to 

in 1915, on the occasion of tlu 1 an. He 

be held ^ celebration of tluM-l-mig t»u II . •. ;|| , h( . 

announced that the A. . - J . r Vi ^ t j ia! \\ M > Hoard 

same time, an Intelnaliona . “•» k |ak<1|l uiheial action, 

-muAi Z ing the Ingres, and had in ; 
structcd Wm to appoint a Committee ,m Urgamxatmn. !•*>'»*, 
that an expression of opinion favorable lo the holding *> in i , 
Congress were obtained from the I. E. <\ «< il» ««<«** 

. The meeting toked Mu -ano \>u ^ ^ ^„ f Mj , 

invitation o to . • • nml.lell, adopted tin* following 

Feldmann, seconded by Mi. tnm ‘ uu ’ i 

“I K C. expresses its willingness to hold an offieial 
meeting ai L Francisco in IBIS. n.»l ins.nnfs .In' < 

Office, on the rcqnest of the A. I, li. R.. *£ 

the organization of the International hlerineal t 

Francisco at the same time, . 

As will be noted Later, in relation to the t ouneil Meet.nj >1. 
September 13, the 1. 15. C\ undertook, at Urn request d o 
International Electrical Congress of Turin, the task ot a-. ..gmng 
and appointing future International Klretroteehmea l oug.iei,,,. s, 
in so far as concerns their times ami places meeting so Unit 
the invitation of the A. I. E. 15., as extended through Mr. <<mm 
Dunn of the American Committee* w;u; umIn rjiUi< >, 

both as to the holding of a meeting ol the L b. t *> AU \ ‘ u # ! U 
rni *\ 11 nnn.1 RUictroteehnical Congress* at Latt gramnseo, m 


1915. 

Illuminating; Rnoinkkkino ano 1 i*;t iinhl-mov 
The Honorary Secretary of the Illuminating Engineering 
Society of London, Mr. U«on Caster, personally invited to attend 
the meeting of the Commission, raised the question ol the 
Commission studying the terms employed in matters -t illumina¬ 
tion, and requested that the national committee:; put themselves 
in communication with the Societies dealing with these questions 
in their respective countries. 
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Dr. Kennelly, speaking as President of the Illuminating Engi¬ 
neering Society of the United States, and Dr. Clayton H. Sharp, 
as a Past President, favored th's idea, and the meeting expressed 
an opinion favorable to the suggestion. 

Official Fourth Session, Plenary Meeting, September 11 
At the plenary meeting of September 11,. the various resolu¬ 
tions of the unofficial meetings on the 8th and 9th, were pre¬ 
sented in writing, were read over in both of the official languages, 
and were formally voted without dissent. Many of these 
resolutions have been quoted at large, in this report. 

Council Meeting of the I. E. C., September 13 
The council of the I. E. C. is a species of executive committee, 
to which, by statute, the affairs of the Commission are en¬ 
trusted, when no plenary meeting is in session. It consists of 
the President of the Commission, the Honorary Secretary, the 
Presidents of the various National Committees, and one addi¬ 
tional delegate from each national committee. At this meeting, 
the communication was received from the International Electro¬ 
technical Congress of Turin, to the effect that in view of the 
authority, permanence, and international organization of the 
I. E. C., the latter body was especially qualified to determine the 
relations between succeeding international electrotechnical 
congresses. The said Commission was therefore requested to 
undertake the task of organizing such congresses in future, in 
so far as relates to their times and places of convention, the 
details of organization being referred in each case to the par¬ 
ticular committee and country in which the congress is to be held. 

The council expressed its thanks to the congress, and under¬ 
took to comply with the request. 

The meeting then adjourned, after passing votes of thanks to 
the officers of the Commission, and to their hosts, Professor 
Lombardi and the Italian Committee. 

Social Features of the Commission Meeting 
Although the sessions of the I. E. C. occupied the working 
hours of the days on which they occurred; yet the official and 
technical duties of the delegates were delightfully relieved by the 
cordial and assiduous attentions of their Italian hosts, who spared 
no pains to make the visit to Turin memorable for social 
pleasure as well as for electrotechnical accomplishment. The 
Italian committee held a banquet in honor of the delegates on 
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September 9, at which mutual toasts and congratulations were 
offered on the success of the meetings. At this banquet, a 
souvenir of the convention, in the form of a Japanese work of 
Art, was presented to the retiring President Professor Elihu 
Thomson, by a number of the delegates, who desired to testify 
their appreciation of the valuable services he had rendeied to the 
commission during his term of office. Colonel Crompton acted 
as Master of the Ceremonies during this presentation. 

Over and above the official resolutions adopted by the Com¬ 
mission, the Turin meeting brought about very successful results 
in active and cordial cooperation, which are bound to manifest 
themselves in the actions of the standing subcommittees. The 
real requisite in any international undertaking is cordial coopei a- 
tion, without which all endeavors may be nugatory, but with 
which success becomes assured. To the labors of the permanent 
staff of the Commission, its Honorary and General Secretaries, 
this spirit of cordiality is largely due, aided by President Thom¬ 
son, and the Italian Committee. President Mailloux of the 
American Committee, moreover, gave most valuable service to 
this, as to past meetings, of the I. E. C., by his very unusual 
linguistic abilities. Although, theoretically, any delegate can 
share in the work of the meetings, who can speak either English 
or French; yet, practically, no delegate can take an active pait 
in the proceedings, who is not familiar with both these languages. 
Mr. Mailloux being thoroughly well acquainted with the German, 
Spanish, and Italian languages, besides English and French, has 
on many occasions been able to bring about unity of thought and 
action among delegates of different countries, which might 
otherwise have been impossible. 

In conclusion, electrical engineers all over the world, thanks 
to the work of the I. E. C., now possess an internationally ratified 
symbolic expression of Ohm’s law, a list of other international 
symbols, a good start toward international rating of machinery, 
a good nucleus of official international electrotechnical nomen¬ 
clature, and an international decision on the long debated ques¬ 
tion' of phase rotation in alternating-current vector diagrams. 
Moreover, largely owing to the personal incentive of President 
Dunn of the American Institute of Electrical Engineers, the way 
has been officially paved for holding a commission meeting and a 
congress at San Francisco in 1915. 

A. E. Kennelly, 

Secretary of U. S. National Committee. 




Report to the American Institute of Electrical En¬ 
gineers from its Delegation to the Congress, and 
subject to the official report of the Congress. 

Copyright 1911. By A. I. E. E. 


THE INTERNATIONAL ELECTROTECHNICAL 
CONGRESS OF TURIN* 


Historical Outline 

Information was laid before the American Institute of Elec¬ 
trical Engineers in 1910, that an International Congress of the 
Applications of Electricity would be held, at Turin, from the 
10th to the 17th of September, 1911, under the auspices of the 
Associazione Electroteenica Italiana (A. E. I.) and of the Italian 
Electrotechnical Committee of the I. E. C., in connection with 
the Turin-Rome International Industrial Exhibition. 

International Electrical Congresses since the year 1900, in¬ 
clusive, have been held as follows: 

In 1900, at Paris, in connection with the Paris Exposition 
Universelle. 

In 1904, at St. Louis, in connection with the World’s Fair of 
St. Louis. 

In 1908, at Marseilles, in connection with the Marseilles 
Exhibition. 

In connection with the Congresses of 1900 and 1904, there 
had been appointed a chamber of Government Delegates, 
charged with the work of international electrotechnical agree¬ 
ment, in addition to the Congress at large, in which papers were 
read and discussed. In pursuance of a vote taken in the chamber 
of Delegates at the St. Louis Congress of 1904, the duties of such 
Chambers were relegated to a special international commission. 
This International Electrotechnical Commission—the I. E. C. 
was formed with a perm anent orga nizatio n in 1906, and no 

~~ *A report to the Board of Directors of the A. I. E. E. from its Dele¬ 
gation to the Turin Congress, and subject to such official reports as the 
Congress may publish. 
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chamber of government delegates was formed at the Marseilles 

Connection with the Turin Congress, it was arranged that 
a meeting of the I. E. C. should he held at lunn. unmedutleh 
before (7th-12th Sept.) the convention oi the Congress. 

Organization of thk Turin ( ongrksn 
The Turin Congress was organized under (1) A Commit tee ol 
Honor. (2) An Organizing Committee. {») An Executive 
Committee nominated by the Ceneral t ouneil of the A. E. I. 

(1) The Committee of Honor was headed by If. R- IE the 
Duke Degli Abruzzi, and included 28 members, among whom 

were Professor Elihu Thomson, President ol the l.h. < < shorn 1 

Crompton, Honorary Secretary of the E E. < ..and Signoi 
Antonio Pacinotti, Honorary President, ol the A. E. 1. 

(2) The Committee of Organization comprised 30 members 

as follows: , A , 

President Professor Luigi Lombardi, President, oi the A^ L. L 
Vice-President Professor Guido Grass!, President of the lunn 
Section of the A. 15. b 

Secretaries, Signori G. A. Curti, mul («. Semenza, 

Members, Messrs. M. Aseoii, E. Jona, CJ. M. Calatal.iauo, E, 
Amaduz/i, F. Fusco, C. Cesare, A. Vivarelli, A. Panzarasa, 
M. Pizzuti, G. Amati, S. Pagliani, <■'■ Esterle, E. Pouliggia, 

L. A. Herdt, C. A. Rossander, A. Siemens, R. V. Pieou, 

M. G. A. Hagemann, E. Bndde, 1C. Gerard, O. T. Blarin', 
J. Alonso y Millan, F. Drexlcr, C. Feld maim, K. P. Tauber, 
C. Zipernowsky, II. Armagnat. 

A sub-committee for the United States was formed as follows: 
President, J. W. Lieb, Jr.; Members, I). C. Jackson, A. 15. 
Kennclly, C. 0. Mailloux, T. ('. Martin, H. G. Stott, S. W. 
Stratton. 

(3) The Executive Committee comprised 23 members as follow: 
President Professor Guido Grass!. 

Secretaries Signori G. Ligmma, and F. Nizza. 

Treasurer, A. Luino. 

Members, Messrs* E. Morel 1!, V. iedescht, C* Montu, 

O. Trossarclli, E. Soleri, P. Forster, A. Rostain, G. G. Ponti, 
R. Arno, V. Treves, A. Miolati, L. Fcrraris, 'I'. C'hiesa, 

P. Prat, G. Schultz, G. Bisazza, IS. Lauchard, IS. l)e- 
Benedetti, R. Pinna. 
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The technical work of the Congress was divided among eight 
Sections. Thirty-one specific official topics were selected, and 
Announced in advance, by the Committee of Organization, and 
papers or reports on these topics were secured, in advance, from 

many authors in 10 countries: viz., Austria, Belgium, Den¬ 
mark, France, Germany, Great Britain, Italy, Sweden, Switzer¬ 
land and the United States. 

In addition to the officially prepared papers or reports on 
specified topics, about fifty independently offered papers on 
"various subjects were accepted by the Organizing Committee. 

The subscription for membership in the Congress was fixed 
at 25 Lire ($5), entitling the holder to all the publications and 
privileges of the organization. A reduced subscription of 10 Lire 
C$2), entitled a holder to attend the technical meetings, as a 
listener, but to the exclusion of all publications or privileges.- 

The technical meetings of the Congress were of two kinds— 
plenary and sectional. There were three plenary meetings, one 
of opening, the second, intermediate, and the third of closing. 
The sectional meetings were for the reading and discussion of 
papers. They took place between the first and third plenary 
meetings. 

Four official languages were selected for the.reception of papers 
and reports: namely, French, Italian, English and German. 
.All papers in Italian, English, or German, were required to be 
accompanied by a summary in French. The official bulletins 
of the Congress were issued daily in Italian and French. Votes 
and resolutions in plenary meetings were presented in both 
Italian and French. When a single language was employed as a 
■vehicle of discussion, it was most frequently the French; al¬ 
though discussions were admitted in any of the four official 
languages. All the technical meetings of the Congress were 
lield at its headquarters—the Reale Politecnico, via Ospedale, 
Turin—a large technical college granting degrees, following 
five-year courses of instruction in civil engineering, mechanical 
engineering, (including electrical engineering), chemical engi¬ 
neering, and architecture. 

The greater number of the reports and papers communicated 
to the Congress were printed, and circulated in advance of each 
day’s sessions. 

About 450 full-membership adhesions were published before 
the close of the Congress, and the total registration of members 
in both classes amounted to about 650. 








2522 TURIN CONdRKSS 

The following is a ft* "V"'"""'''" •»>*•««**- 

anrl ot the delegates front leelimeal tnanmnons. 

Representative op Fnmtms Government* 

Austria. Messrs. Alfredo Graf, c„, 1',• 

Belgium. Messrs. Ernest, Gerard, 

Gevaert. 

Denmark. Ing. Joh. Rasch. 

France. Messrs. M. Barbillion, Swyngcdamt. 

Japan. Mr. Atsusbi Oya. 

British India. J. W. Meares. ,, ... t (.s....1. A. Si.- 

Great, Britain. Major W. A. J. O l^leara, If.' . 

mens, Dr. S. P. Thompson. 

Luxemburg. Mr. Charles Kydt. 

Mexico. Ing. Alfonso Gastello. 

Portugal- Baron Nasi <11 CossombraU*. 

Ecuador. Messrs. Richard M tiller, All re. n < ' 

Russia. Messrs. Pierre Ossudtchy, C 'dum-I dr ^ ^ ^ ^^ 

Spain. Messrs. Alfredo Lasala, Jose Abb.ui 1" !l ‘ 

Manuel de Justo y Sanches Blanco 

United Stales. Messrs. Cano I hum, < ' >• Madhais, II. I». «•> • 

Switzerland. Messrs. Gustavo Kul/.lswr, UmMiaii I.n.mt, ,, 
E. Vanoni. 

Hungary. Frederic Koromxay. 

DELEGATES of TfX H NIC AL SfX’IKtIKS 

AW4i likdctroteehniseher V;rein, Vienna: fug. Alfredo Grfmhut. 

Osterreichiseher Ingenieur and Arehitekt.-n \ ••re... d. link 

Alfredo 1 )einlein. 

BdR 'Association ties IngenUmre llleetrieieiu; sortis .1- I'ln lilut .. v 

de Liege: Omer de Bast. 

Denmark , 

Den Tekniske Ferening, Copenhagen: P. O. i <Cer:o U 

Dansklngenierferening, Copenhagen: P. O Pedersen, hnj* \ ahlninu 

Foul sen. 

France. 

Socidtd Internationale dea Kiectrieieiu; de Faria: Bouehrmf, ArmaguaD 
Brunswick, Janet. Legouust, B Ion din. 

Syndicat Professional des Unities d’Elec trie it/ de Fan iw hwege, 
Legouez, Brylinski, Berthelot. 

Socidtd ties Ingdnieurs Civils da Paris! Paul I,”H -r. 

Socidtd des Agriculteurs de France: Paul Lta-lcr, 

Germany . , 

Verband Deutscher Electrotechniker; Prof. Dr. K. liudd»\ <* I N tt 


mar, 
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Greai Britain. 

The Institution of Electrical Engineers: S. Z. De Ferranti, 
Colonel R. E. Crompton, Dr. R. T. Grazebrook, R. Haye Gray, 
A. Siemens, S. P. Thompson, W. Duddell, W. A. J. O’Meara, R. 
Hammond, JE. H. Patchell. 

The Illuminating Engineering Society:Prof. S. P. Thompson, Leon 
Gastar, R. J. Wallis-Jones, Justuk Eck. 

The Institution of Mechanical Engineers: W. H. Patched. 

Electrical Section, London Chamber of Commerce: Leon Gaster, 
Charles P. Sparks, A. Bruce Anderson. 

Italy. 

Accademia delle Scienze Fisiche e Matematicha di Napoli: Prof. 
Guido Grassi. 

Collegio degli Ingegneri ed Architetbi di Milano: Ing. Denti Eugenio. 
Collegio Ingegneri ed Architetti di Napoli: Ing. G. D. Cangia. 
Associazione Amichevole fra gli Ingegneri ex-Adievi della Scuola di 
Torino: Ing. Comm. Oreste Lattes. 

Reale Istituto Lombardo di Scienze e Lettere di Milano: Prof. 

Riccardo Arno, Prof. Francesco Grassi. 

Societa Ingegneri ed Architetti Italiani di Roma: Ing. Prof. Giuseppe 
Revessi. 

Collegio Veneto degli Ingegneri di Venezia: Ing. Cav. Filippo Danioni. 
Collegio Nazionale degli Ingegneri Ferroviari Italiani di Roma: 
Comm. Lattes Oreste. 

Collegio Ingegneri ed Architetti Pugliesi di Bari: Ing. Nicola Stea. 
Associazione Elettrotecnica Italiana: 

Sezione di Roma:.Prof. Comm. Guglielmo Mengarini, Ing. Ulisse 
Del Buono. 

Sezione di Genova: Cav. Vittorio Capellini. 


Holland. 

Institut van Ingenieurs d’Olanda: L. M. Barnet-Lyon Clarence 
Feldmann. 

Argentine Republic. 

Sociedad Cientifica Argentina di Buenos Ayres: Dr. Ing. Angel 
Gallardo, Ing. Domingo Selva. 

Russia. Sezione elettrotecnica della Societa Imperiale Russa di Pie- 
troburgo: Prof. M. de Chatelain. 

Istituto elettrotecnico di Pietroburgo: Prof. Graftio. 

Spain. 

Sociedad Espanola de Fisica y Quimica di Madrid: A. Gabasso, 
Luis de la Pena, Enriqtff Hauser. 

Instituto de Ingenieros Civiles di Madrid: Ing. Luis de la Pena, 
Ing. Don Antonio Gonzales Echorte. 

Switzerland. 

Physikaiische Gesellschaft Zurich: Dr. H. Behn-Eschenburg, 
Dr. Ing. S. Guggenheim. 
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United Stales. 

American Institute of Hl.vixieu! Kn f :imv r ,: Prof. li.Tlumisun, 
C. 0. Msiilloux, Dr. A. H. Ki-.jiu-lly, Gam, Dunn, Prof, t ■ A. 
Adams, 11. B. Brooks. 15. P- Bh^Ii. 1J ;».vi..!i, 15ti.-i.ne 
de Fodor. R. 0. Heinrich. Francis jchi, Hirayouhi D .hnua, l\ H. 
Sharp, J. F. Stevens, Philip TorchD. 

Association of Edison Illuminating Companies: Philip T.uvh"., 
American Electrochemical Society: O. Maillous. 

Tnatitute: G. Faecioli. A. H. K'-im-Hv. 


Plenary Meetings 

(1) The opening plenary meeting took place at HI:. 1(1 a.m. on 
Sunday, September 10. An address of welcome was read by 
Senator P. Boselli, President of the Royal Academy <■! Sn.uuv, 
at Turin, in the presence, of a number ni olhcial delegate:;. 1 hr. 
was followed by an address by Professor Lnigi bombard., 
who, in welcoming the members, set forih the hopes and purpose-, 
of the Congress, as well as the arrangements made tor showing 
the most interesting electrotechnical plants, exhibits, and fea¬ 
tures of importance to visitors. A fine address was then de¬ 
livered by the Minister of Posts and Telegraphs Signor ('alissaim, 
who was elected honorary president of the Congress. 'I he bil¬ 
lowing elections of officers were then made: 

President—Prof. Luigi Lombardi, President of the A. 1C. b 

Vice-Presidents—-Prof. Guido t Iransi. 

hitf. limanuele Jona, 

General Secretary-—Intf. Guido Semetr/a, 

Honorary Vice-Presidents Antonio Paeinotli ior Italy. 

Silvanus P, Thompson and Alex¬ 
ander Siemens for Rutland, 
Gano Dunn for the United Stairs. 
Paul Jaunt, for Franco, 

Karl Streaker for Germany. 

Alfred itraf for Aust roll notary. 
Pierre ( )ssaetel i y for R \ i sj .ia. 
Gustave 1/Hoest for Belgium. 
Behn-ISselumburK for Hwit.xerla.nd, 
De La Pena for Spain. 

Paulsen for Denmark* 
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The following Section officers were then elected, after which 
the plenary meeting adjourned. 


Section 

Subject 

President 

Vice-Presidents 

Secretary 

I. 

Electrical Machines and 
Transformers.' 

Boucherot 

(France) 

Morelli (Italy) 
Feldmann (Holland) 

C. Palestrino 

II. 

Electrical Installations 
and Networks 

De Bast 
(Belgium) 

Ferraris (Italy) 
Landry (Switzerland) 

Del Buono 
Boccardo 

i III. 

Instruments, Apparatus 
and Switching Devices. 

Kennedy 
(U. S. A.) 

Dina (Italy) 
Armagnat (France) 

Emmanueli 

Barbagelata 

1 IV. 

Lighting and Heating 
by Electricity. 

Rossander 

(Sweden) 

Mengarini (Italy) 
Sharp (U. S. A.) 

Danioni 

V. 

Electrical Traction and 
Propulsion. 

Mailloux 
(U. S. A.) 

Sartori (Italy) 
Barnet Lyon (Holland) 

Fenzi 

Ponti 

: VI. 

Telegraphy and Tele- 
phony. 

O’Meara 
(Grt. Britain) 

Larsen (Denmark) 

Di Pirro (Italy) 

Bellini 

i VII. 

1 

Accumulators, Electro- 
Chemistry, Electro¬ 

metallurgy and other 
applications. 

Beckmann 

(Germany) 

Miolati (Italy) 
Duddell (Grt. Britain) 
Rumi (Italy) 


1 VIII. 

1 

Tariffs, Taxation and 
Legislation in regard to 
the distribution of elec¬ 
trical energy. 

Arno 

(Italy) 

Dettmar (Germany) 
Bonghi (Italy) 

Botto 

Guiletti 


(2) The Intermediate Plenary Meeting of September 13. After 
some discussion by President Lombardi on the subject of the 
organization of future electrotechnical congresses, the following 
resolution was put by M. Clarence Feldmann (Holland), and 
carried unanimously, after being seconded by Messrs. Boucherot 
(France), S. P. Thompson (Great Britain), Mailloux (U. S. A.), 
L’Hoest (Belgium), Strecker (Germany), De Chatelain (Russia), 
and Grassi (Italy). 

Whereas , the provisional committee appointed by the Inter¬ 
national Electrotechnical Congress of Marseilles for the 
purpose of forming a permanent international committee 
of organization for electrotechnical congresses has made no 

report. . . 

and Whereas , The International Electrotechnical Commission, 
permanently organized since 1906, is by its position, au¬ 
thority and statutes especially adapted to be the permanent 
organization for securing the connecting link between inter¬ 
national electrotechnical congresses and to give effect to their 

labors. ... A 

The International Electrotechnical Commission is requested 
to accept the task of organizing future electrotechnical Congresses 
so far as concerns their dates, places of meeting, and objects, 












the details of the organization of each congress being e<abided In 
the electrotechnical commit tee of the country in which the 
congress is to be held, with the assistance oi its technical s< ndct ies, 
if necessary. 

The meeting then adjourned. 

The request was accepted by the Council of the 1. IT i\ on 

the 13th. 

(3.) The Closing Plenary Meeting of Saturday, September HI 
The following resolutions were presented to the plenary meeting- 
after having been published in the official bulletin. All were 
adopted. 

(1) From Section III. 

The International Electrotechnical Congress of Turin compli¬ 
ments the American Institute of Electrical Engineers on the 
practice it has adopted of inserting in its publications the metric 
equivalent value, in parentheses, after each expression of values 
in English measures. 

And since this procedure greatly facilitates the reading of 
these publications in all the countries using the metric system, 
while constituting a worthy example towards and in view of the 
much desired complete international unification of weights and 
measures. 

Resolved, that the technical societies of all countries in 
which the metric system is not yet official, are invited to follow 
the above-mentioned example of the American Institute of 
Electrical Engineers. 

This vote was carried with much acclamation. 

(2) From Section. IV. 

The Congress favors the appointment of an International 
Commission for the general study of systems of illumination, and 
of all technical problems connected with illumination, proposing 
that the Illuminating Engineering Society of London be charged 
with the formation of this International Commission, placing 
itself for that purpose in communication with all other existing 
national and international photometric committees. 

(3) From Section V. 

The committee of the fifth section charged with the duty of 
examining the proposition, of Mr. Mailloux concerning* the 
definition and industrial determination of train acceleration 
reports as follows: 

Whereas, in industrial traction, the speed of trains is always 
measured in kilometers per hour, (or in local equivalent values), 
and 
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Whereas , it is logical to start with such a deffvdtioi v ’ fVi r 
velocity, in order to express the acceleration nor .oowol. v-d 

IF/zereas, such definitions of train acceleration are :n vari:dd 
used in America, and are also largely used in other c ornm- • 
and. 

Whereas , a similar proposal has already beer, r^rnnr'., • ’ 
favorably by the International Electro;echnital C *r 
Marseilles (1908). 

Resolved by this Congress that : 

',1) Train accelerations be expressed in kilometers oer boor ■ r 
second. 

(2) That the International Electrotechnical Commissi 
informed of this resolution. 

(4) From Section VIII. 

Two resolutions relating to political and fiscal questions r 
European rather than American interest. 

(5) From certain individual members: 

That the next International Electrotechnical Congress should 
form a section devoted to the subject of electrotechnical in¬ 
struction. 

Closing reports and addresses were then made by the Presi¬ 
dent, the Section-Presidents and various government delegates, 
who expressed the general thanks of the assembly to the officer- 
of the Congress, the President and Secretary, and the Italiat 
committee for their attentions and courtesies during the* exerebe 
of the Congress. 

The Congress than finally adjourned. 

Meetings of the Sections 

A list of the reports and papers presented as to the different 
sections is appended herewith. The contributions numbered 
80 in all, from writers in 14 different countries. 11 contribu¬ 
tions being presented from America. 

Meetings in Honor of Senator Antonio Pacinotti , and of Pro* 
fessor Galileo Ferraris. A meeting of the A. E. L* attended by 
a large number of members of the Congress, was held,on Sep¬ 
tember 13, to celebrate the semi-centennial anniversary of his 
invention of the Paeinotti-ring dynamo-electric machine, the 
original model of which was displayed in the electrical depart¬ 
ment of the Turin Exhibition. The President of the A, 1*-. P, 
Professor Lombardi, with a very appropriate address, delivered 
to. Signor Pacinotti a handsomely framed and illumined parch- 
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«*. on which was rcprodnccl, . - 0 U f ^ 

published by him on Ihc „if,. 

Cimento ” of 1865. An dlummalcl a I n a , ^ ,,, 

•w." -»**< - 

the work oi Ha- illuslrioiis HaHan 

scientist. , , c; tmnr Paciimt.ti, 

A brief and modest reply was made In S , 1 ; 

which was enthusiastically remvrsl, alto, "!>"'■ th, 
^rrler hour, an unollicia. yathonny ,ook place in Ihc 

large public ^ wdl-known Turin 

the monument erected lo Guide . , . iut \ f irS |, 

scientist, teacher and electnnan, who disc « •»»' [[ 

applied the principal of the n.tatutg ^KignoUc tu Id. ^ 
wreaths were laid on the pedestal, oiu <> *»“ ■ 

delegation, another by the American Ration, : '”' 1 lh< tlm ‘ 1 
by the city of Frankfort on Maine. , t to 

The Mayor of Turin made an eloquent speed. »n tn \ ■ 

the work of Ferraris, and responses were made b> M ■ 1 

Meyer on behalf of the French electricians, Mi. I '»'M ‘ u ‘’ 

on behalf of American electricians, and Mr. Huitm.um •» 
maun & Brown, on behalf of the city ol h ran k toil. 

Technical Visits. On Thursday September M, an all-das ti p 
was taken from Turin to Genoa and back, inspecting en route 
the “ Giovi ” lines and system. This is a three-phase elt « tiu 

railway ,[running from Busalla through Poutodeeimo tot 
The locomotives are of European “ Westmghouse ion.,!, u 
tion, supplied through overhead trolley hues with alteiua mg 
currents at 3,000 volts pressure, at a frequency M lo cycles ye. 
second. The locomotives arc regenerative, ami retain l 1 "" 41 41 
the system when descending grades of 0.7 per cent or more. ^ 
Another visit was arranged for September 17 to Mont . cuts, 
where the Socicta (Idle Forae Idrauliehe del Moncemsio has 
hydraulic plants that transmit three-phase power, at 30 kilovolt.-,, 
to Turin and beyond, at a frequency of 50 cycles pel seeum 
Entertainments. The social features of the <ingress were pre¬ 
pared and carried out with great care by the Italian eomrnitt.ee, 
each day being provided with some special social event.. 1 here 
was also a special committee of Italian ladies to meet the ladies 
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of the guests, and arrange for their entertainment. The pre¬ 
vailing pleasant weather aided the entertainment committees 
on all occasions. 

On the 10th, a dinner was given to the official delegations at 
the Superga, on the top of a hill 420 meters in height, about 
10 kilometers north of Turin, with a rare and magnificent view of 
the Piedmontese Alps. On the 11th, an evening reception was 
given to the Congress by the Turin Municipality at the Circolo 
degli Artisti. On the 12th, a dinner was given by the City of 
Turin to the official delegates of the Congress, and another 
dinner, at the Exposition was given to the Congress members on 
the 13th. A lunch was also given by the Italian Committee, 
to the American delegation, which will be memorable to all who 
attended it, for the charm of the occasion and the sentiments 
it elicited. 

There can be no doubt that not only the Congress guests as a 
whole; but also the American guests in particular, are under 
many obligations to their Italian hosts at Turin for attentions 
and courtesies during their very pleasant visit. The hope was 
expressed by President Dunn of the A. I. E. E., that many of 
the members of the Italian Society would be able to attend the 
Congress of 1915 at San Francisco, under the auspices of the 
American Institute. Mr. C. 0. Mailloux, as the President of the 
American Delegation had frequent occasion to use his well 
known linguistic abilities, not only at the Congress sessions; but 
also at -the social reunions, where his speeches in French and 
Italian were much applauded. 

Conclusions 

The permanent results of the Turin Congress may be sum¬ 
marized as follows: 

(1) The record of some 80 reports and papers with discussions 
on the same, destined to be published in due season by the 
Congress, and distributed among the members. 

(2) The resolutions of the plenary sessions of the Congress 
which bring its conclusions to a focus. As already detailed 
these particularly contain: 

(a) A provision for the regular convocation of future inter¬ 
national electrotechnical congresses, by assigning 
them to the jurisdiction of the I. E. C. 

(5) The adoption of the kilometer-per-hour-per-second as 
the industrial unit of train acceleration. 
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M A formal vote of thanks 1“ Hir A. I. K. B. f.»i« W,. In 
foreign ciRiiuvrs. in |,riming |.mv,nlimuni n.elin 

equivalents. 

(d) That an international illnHunatin^-nKmoen.^ -mnnv 
sion should be formed. 

(3) Over anti nbnve the reennlr “i ' 1 'nngmr . I itere ivinnni;. 

i i,, it the wealth oi tnemoties 

with all the members who attuuU i i , 

and experiences derivcl from nurim« n.nirnvs ..» .Him ■ m - 
ana ; n t n the solutions ut the 

tries, and from a sympathetic iuM K ht n.u» 

problems which confront them. ^ ^ Kl . NN1 , I t ^ 

Strrclury American l>clei’jitio>i. 

LIST OF REPORTS AND PAPERS* I’RESEN I El' Shl 1 " ,N "' 

Section l 

Electric: ai. Machines ash Tr\ssh»kmkhk 
RCP Dr H. Behn-Eschenburg. Eh-trii-al and nitvhameul • hai.u n *»••»**— 

£'ST<£Z*Z*** ....in,...for.... 

Dr' Z S. P Thompson. Converter-,, ruotili.-ru and motor•jruemiors. 
Paul Runet. The problem of frequency tn.nsb.nuatum 
Ing: C. Sarli. Variable sped three-,dm-- »»*■'*•< " »' ,h ^ 

reference to rolling nulls. 

Papers. 

Dr Hallo. Motor-con vert,evs. 

Boucherot. Electromagnetic phenomena resulting ‘«-on the 
short-circuit; of an alternator 
R. Lcgouess. Commutator motors. 

Suction 11 

Installations, Central Stations, Swuchuoakos <■ o uno 

^Philip Torchio. The selection of voltage and the rue,i„n <*< 

switchboards and of substations in lap;.' rieetro: sysUniis. 

J. Grossclin. High-tension underground networks, m ""•talhe eo, - 

nection with overhead lines. . , . . 

E. Ragonot. The construction and use of automatic circuit nva v,* 

G. Semenza. The synchronous operation of several central stations 
feeding the same network. 

^ S. Q. Hayes. Commercial Electrical apparatus tor 100,000 volt 
vice. . , ,. , , , . 

Ing: E. Sobri. The extreme limits of ingleUnsion employe! I in < am ■ 
♦The titles are here given in English when presented in another language 
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Dr. Ing. Leon Lichtenstein. Recent experiments and tests on high- 
tension cables. 

Dr. Osuke Asano. . Progress in electrical installations in Japan. 
Etienne de Fodor. The present state of the problem of sewage dis¬ 
posal in connection with electric stations. 

J. Routin. Automatic regulation. 

Dr. Ing. W. Weicker. Protection against over voltage on aerial 
lines, especially with suspension insulators. 

E. Hubet Stockar. Aluminum for electrical conductors. 

Paul Lecler. Electrotechnical applications to reinforced concrete. 

Section III 

Instruments and Methods of Measurement, Protection of In¬ 
stallations, Miscellaneous 

Reports. 

G. Faccioli. High-tension switching phenomena. 

Dr. C. H. Sharp. Electricity Meters, with special reference to 
different kinds of loads. 

A. Durand. Electricity meters. 

Papers. 

Ing: Alberto Dina. The measurement of insulation-resistance in an 
alternating-current system during its operation. 

Prof. Riccardo Arno. Watt-volt ampere meters. 

Ingg. A. Barbagelata and L. Emanueli. Zero methods of alter¬ 
nating-current measurement. 

Prof. G. Revessi. A contribution to the study of stray currents. 

A. E. Kennedy. The rotating electric current field. 

Vladimir Karapetoff. Some practical calculations of electrostatic 
fields. 

Jules Neher. Multiple-rate electricity meter. 

C. 0. Mailloux. Method of determination of the constant current 
producing the same heating effect as a variable current. 

Dr. C. P. Steinmetz. The nature of electric transient phenomena. 
Prof. E. E. F. Creighton. Protection of electric systems. 

Ing. Alberto Dina. On methods of preventing internal over voltages. 
Ing. Gino Campos. The propagation of oscillatory over voltages. 
Ing. G. Martinez. Some new industrial alternating-current instru¬ 
ments. 

J. L. Farny. On a new oscillographic process with the Braun tube. 
M. de Chatelain. On a laboratory for the study of high-tension 
currents up to 500 kilovolts. 

G. Neuhaus. Protective relays. 


Section IV 

Illumination and Heating 

Reports. 

Prof. D. Wedding. The influence of incandescent and arc lamps 
on the illuminating industry. 

C. A. Rossander. The present and future of electee heating. 
Papers. 

Ing. C. Herrgott. On the heating of textiles by electricity. 
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D , InE . Monasch. Manufacture and operation of nudallie-fdantent 

iTZLto Hess. Practical results with a syste.n of h*h tension 

T inte cllter arC ’Th7international outlook in scientific illumination. 
Leon Gasler. i nc nuumt . f rii* art* imneetors. 

Dr. Luigi Pasqualitii. rJ „ .,,. 

Prof. R. Swyngedauw. An electuc healing app.ua 

currents. 

Section V 
Electric Traction 

Rep0 Z. Giorgio Calzolari. Single phase an.l three phase traction on 

line construction on electric railroads, 
fng Agostino Bczzi. Bleetriu applications in suhntanne .. 1, 

Papers. traction on suburban lines. 

a ringlu ,.- I.-«.. 

■ .. .. . 

tra, in-accelcration. 

Section VI 

Telegraphy and Telephony 

^ F. V. Jewett. Long distance telephony in Amen* a. 

Dr. Giovanni di Pirro. Long distance telephony. 

Dr. Valdcmar Paulsen. Wireless telephony. 

H Milon. Automatic and semi-automatic telephonic 

P,„“p o. MtoM. Surr»» i. ..... 

Major W. A. J. O’Muara. The .hdefeel »»*•“• “* " m 1 ' 
graphy. 

^PvoL A. Majorana Calatabiano. Wireless telephone manireh. . 

J. Erksine Murray.- A definition of the clhceney ol a wtnh..., 
telegraph system. 

Ing. Bttoro Bellini. The Hertzian azimuth compass. 

Section VII 

Storage-cells, Electrochemistry, Blkctrcimbtali.hrhy ash other 

Applications 

Rt!P Dr. H. Beckmann. The. present state of the electric storage cell. 
Ing. Romo Catani. The direct production of steel from its otes 
the electric furnace. 

Dr. Erlwein. The sterilisation of water by electrical processes, 

Paul Lecler. The distribution of electrical energy in farming. 

P °^Dr. Sigm. Guggenheim. The electric results furnished by the ehici 
induction furnaces of the steel industry. 
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Ing. Luigi De Andreis. The sterilization of water in the Rovigo 
aqueduct. 

J. A. Montpellier. The technique of the electric storage-cell es¬ 
pecially with reference to the iron-nickel cell. 

Prof. Oscar Scarpa. On the sterilization of water by ultraviolet rays. 

Dr. M. Recklinghausen. The sterilization of city water supplies by 
ultraviolet rays. 

Section VIII 

Tariffs, Legislation for and Taxation of Electric Supply 
Reports. 

Dr. A. Denzler. The government control of electricity meters. 

Ing. G. G. Ponti. Rational methods for the commercial measure¬ 
ment of electric power. 

Ing. Prof. Giuseppe Sartori. The problem of increasing the load 
factor of central stations. 

Ing. Mario Bonghi. Comparative study of direct and indirect 
taxation of electricity in different countries. 

Dr. H. Schreiber. Government regulations on the electric trans¬ 
mission of power. 

E. C. Ericson. Government regulations on the electric transmission 
of power. 

L. M. Barnet-Lyon. Government regulations on the electric trans¬ 
mission of power. 

Papers. 

Prof. Riccardo Arnd. A solution of the problem of a rational charge 
for electric energy. 

Louis Prat. Mechanical problems in central stations. 
























STANDARDIZATION RULES 

OF THE 

AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


HIvSTORY OF THE STANDARDIZATION RULES. 

The first step taken by . the Institute toward the standardization of 
electrical apparatus and methods was a topical discussion on “ The Stand¬ 
ardization of Generators, Motors and Transformers,” which took place 
simultaneously in New York and Chicago on the evening of January 26, 
1898. The discussion appears in the Institute Transactions, Yol. 
XV, pages 3 to 32. The opinions expressed were generally favorable to 
the scheme of standardization of electrical apparatus, although some 
members feared that difficulties might arise. As a result of this dis¬ 
cussion, a Committee on Standardization was appointed by the Council 
of the Institute, consisting of the following members: 

Francis B. Crocker, Chairman . 

Cary T. Hutchinson Charles P. Steinmetz 

Arthur E. Kennelly Lewis B. Stillwell 

John W. Lieb, Jr. Elihu Thomson 

After a careful consideration of the matter and consultation with the 
members of the Institute and interested parties generally, a “ Report 
of the Committee on Standardization,” w T as presented and accepted by 
the Institute, June 26, 1899. Those original rules appeared in the In¬ 
stitute Transactions, Vol. XVI, pages 255 and 268. 

As a result of changes and developments in the electric art, it was 
subsequently found necessary to revise the original report, this work 
being carried out by the following Committe on Standardization: 

Francis B. Crocker, Chairman. 

Arthur E. Kennelly Charles P. Steinmetz 

John W. Lieb, Jr. Lewis B. Stillwell 

C. O. Mailloux Elihu Thomson 

This revised report was adopted at the 19th Annual Convention at 
Great Barrington, Mass., on June 20, 1902, and appears in the Institute 
Transactions, Vol. XIX, pages 1075 to 1092. 

In consequence of still further change and development in electrical 
apparatus and methods, it was decided in September, 1905 that a second 
revision was needed, and the following Committee was appointed to do 
this work. 

Francis B. Crocker, Chairman . 

Arthur E. Kennelly, Secretary. 

Henry S. Carhart Charles F. Scott 

John W. Lieb, Jr. Charles P. Steinmetz 

C. O. Mailloux Henry G. Stott 

Robert B. Owens S. W. Stratton 
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This ( %*mnnt t* 
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sjh mdriirr with uLinutuoMir 
other iiitfiv m-d :<• •, ;*sn 
Annual Convi-uBon, held ai 
siderable di •>u mm flu- rm 
Commit tec lur amendment 


’;; t ‘ i 4 
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tings and carried on extensive curre- 
• i 1Ang and opera! ing engineers and 
a.-, a remdf, presentt*t 1 it s report at tin* 2Hd 
Milwaukee, Mav 2K 20, HMW. After non- 
i ui was ,;< »s*j»t<•« 1 and referred hank to the 
and rearrangement in form. It 


s then 
*pt fini¬ 


te* hr submitted t*» ilu- B<*nrd of I )iivi-t.»ra for final adopt ion. In 
her, tmm, 1 hr following Standardisation Committee was appointed: 

1‘ham is B. (duH her, Chairman, 

Ahtii v k Id Kknnki.i.v, Setretary, 

A. W, Hi hki-.si mkii Charles F. Scott 

DrOALU (\ J,\fKM»N CHARLES Id StKINM Ft/ 

C. u. M aillolx Henry (5. Stott 

Roni ui B. Owens S, W. Stratton 

lA.l t It t THOMSON 

This (Mmmittee held monthly meetings, also sub-committee meet mgs, 
and carefully referred the ru Ira as. a win dr. and each part of thrm to 
tdn* members of the Institute, The rules were also entirely rearranged 
as to form, and put in shape to facilitate ready reference to them and 
enable future revisions to hr made without breaking up the logical ar¬ 
rangement. Thus amended the rules wrr*- submitted to the Board ot 
1 >irectors and approved by it on June 21, 1007. The Board also direeted 
that the rules should he presented, as accepted by the Board, at the 
Annual Convention held at Niagara Falls, June 21 to 27. 1007, whielmir 
lion was taken by President Sheldon on June 2b, 1007. By the ( on 
siitution which want into effect on June 10, 1007, thisCommitt.ee has been 
made a standing Committee with the title " Standard:; Committee, 11 con¬ 
sisting of nine members. 

On August 12, 1010 tin* Board of Directors increased the sum of the 
committee from nine to twelve members; on October 14 from twelve to 
fourteen, and on March 10, 1011 from fourteen to sixteen. The com 
mit-tee thus constituted is given below, 

Comport A. Adams, Chairman, 

Airmen 15, Ken nelly, Secretary, 

H, W. Buck W. S. Moody 

(Uno Dunn R. A. Pinup 

H, W. Fisher W. II. Powell 

II, B, Okar Charles Bobbins 

J, P, Jackson 15. B. Rosa 

W. L. Merrill Charles IK Stein met* 

Ralph I). Mkkshon Calvert Townlkv 

This committee and several subcommittees held numerous; meeting 
at which the general revision of the Standardisation Rules of the Institute 
was considered. The complete Standardisation Rules as revised by t his 
committee, were presented to and approved by t he Board of I )i rectors on 
June 27th, KH1, at the Annual Convention held at Chicago, HI, 
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STANDARDIZATION RULES OF THE A. I. E. E. 

As Approved June 27, 1911. 


I. DEFINITIONS AND TECHNICAL DATA. 

1 Note: The following definitions and classifications are intended to be prac¬ 

tically descriptive and not scientifically rigid. 

A. DEFINITIONS. CURRENTS AND E.M.F.’S. 

2 A Direct Current is a unidirectional current. 

3 A Continuous Current is a steady, or non-pulsating, direct current. 

4 A Pulsating Current is a current equivalent to the superposition of an 
alternating current upon a continuous current. 

5 An Alternating Current or e.m.f. is a current or e.m.f. which, 

when plotted against time in rectangular coordinates, consists of half¬ 
waves of equal area in successively opposite directions from the zero 
line. . 

5a Cycle. Two immediately succeeding half-waves constitute a cycle. 

5b Period. The time required for the execution of a cycle is called a period 

6c Frequency. The number of cycles per second is called the frequency. 

5d Wave-form. The shape of the curve of e.m.f. or current plotted against 
time in rectangular coordinates, is ordinarily referred to as the wave-form or 
wave-shape. Two alternating quantities are said to have the same wave¬ 
shape if their corresponding phase ordinates bear a constant ratio. The 
wave-shape, as ordinarily understood, is thus independent of the scales to 
which the curve is plotted. 

5e Simple Alternating Wave. Unless otherwise specified an alternating 
current or un&.f. is assumed to be sinusoidal, and the wave a sinusoid, 
sine-wave or curve of sines. On this account a complete cycle is taken as 
360 degrees, and any portion of a cycle may be expressed in degrees 
from any convenient reference point, such as the ascending zero-point. 

6f A Complex Alternating Wave is a non-sinusoidal wave._ A 
complex alternating wave is capable of being resolved into a single 
sine wave of fundamental frequency, with superposed odd-frequency 
harmonic waves, or ripples, of 3, 5, 7 . . . (2 w + 1) times the 

fundamental frequency, each harmonic having constant. amplitude, and 
a definite starting phase-relation to the fundamental sine-wave. It is 
customary when analyzing a complex wave, to neglect harmonics higher 
than the 11th; i.e. t of frequency higher than 11 times the fundamental. 
In special cases, however, frequencies still higher may have to be considered. 
In certain exceptional cases even harmonics are present. . 

6g Root-Mean-Square Value (sometimes called the Virtual or Effective 
Value). Unless otherwise specified, the rating of an alternating-current or 
e.m.f., in amperes or volts, is assumed to be the square root of the mean 
square value taken throughout one or more complete cycles. _ This is 
sometimes abbreviated to r.m.s. The term root-mean-square is to be 
preferred to the terms virtual or effective. The root-mean-square value 
is indicated by all properly calibrated alternating-current voltmeters and 
ammeters. In the case of a sine-wave, the ratio of the maximum to the 

r.m.s. value is \/2. 
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Kh Form-Factor of an Alternating Wave. The ratio of the root-mean- 
^ouare to the arithmetical mean ordinate of a wave, taken without regard to 
U railed its form-factor. The form-factor for a purely rectangular 

Siis SfSS, 1.0; for . Sin, w.v., itis 1.11, end for , wav, 

Bi a TheD» S v”™»of ii jtatmmmlby mpw- 

B] posing upon the actual wave, (as determined by gif- 

pobixx^ prnial length, in such a manner as to give the least an 

forcnce and then dividing the maximum difference between corresponding 

^soidal a lt er ®ating quantities such^^two^Iternating currents cur^e._m.fs.^o^r 

in - phase ’ th f ^Tofa 

the two alternating exoressed in degrees or as a fraction of a 

SSS of P S corresponding values; , g . then 
ascending zeros ° r t^ir po|itive m a xima lternating quant ities are 

61 Equivalent Phase ^apes the preceding definition of 

non-smusoidal, and of differe nhase^difference ceases to have exact 

phase-difference is mapplicab , complex alternating quantities 

significance However when he tw^comple^ ^ effectiv f P of 

are the voltage E and currem_ J ? fi the equivalent phase difference 

*'“■ °< *■“ *'“*• s “ 

circuit energized by a single currents in these two wires counted 

^fti^Voutwards^om the source, differ in phase by 180 degrees or half 
a cycle. o’ the combination of three circuits 

” y °” thirl of ■ cydei 

t.6., 120 * « Two-phase A term characterizing the 

^°comb^Sfon P of A two circuk^enei^ized Joy alternating e.m.fs. which differ 
in phase by a quarter ofa eye e, t.e combination of six circuits ener- 

^ * r “ th d * cyclei 

6q"' e poL«HASE is the general term applied to any alternating system with 
6 m °ln OsaL^G CURRENT is a current alternating in direction, and of 
decreasing amplitude. 

B. DEFINITIONS. ROTATING MACHINES. 

I i “ 

may not be continuous. . rurren t generator, either single-phase 

9 An Alternator is an alternating-current » 

or polyphase. a constant magnetic field and 

or polyphase current insyn ‘ 

chronism with the rotation of mac Currents differing symmetrically 

sairthfss «,«!« » >>>*“ * im 

degrees. 
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11 A Double-Current Generator supplies both direct and alternating 
currents from the same armature-winding. 

11a An Inductor Alternator is an alternator in which both field and 
armature windings are stationary. 

11b An Induction Generator is a machine structurally identical with an 
induction motor, but driven above synchronous speed as an alternating- 
current generator. 

12 A Motor transforms electrical power into mechanical power. _ 

12a A Direct-Current Motor transforms direct-current power into me¬ 
chanical power. 

12b An Alternating-Current Motor transforms alternating-current 
power into mechanical power. 

12c A Synchronous Motor is a machine structurally identical with a 
synchronous alternator, but operated as a motor. 

12d A Synchronous Phase Modifier, sometimes called a Synchronous Con¬ 
denser, is a synchronous motor, running either idle or under load, whose field 
excitation may be varied so as to modify the power-factor of the circuit, 
or through such modification to influence the voltage of the circuit. 

12e An Induction Motor is an alternating-current motor, either single-phase 
or polyphase, comprising independent primary and secondary windings, 
one of which, usually the secondary, is on the rotating member. _ The 
secondary winding has no conductive connection with the supply circuit. 

12f A Repulsion Motor is an induction motor, usually single phase, in which 
the magnetic axis of the secondary, (a closed coil winding mounted cm the 
rotor), is maintained at a certain fixed angle with respect to the stationary 
primary coil by means of a multisegmental commutator and short-circuit¬ 
ing brushes. . ..... 

12g A Single-Phase Series Commutator Motor is structurally similar 
to a series direct-current motor, except that it is usually provided in ad¬ 
dition with a series compensating winding distributed around the outer air- 
gap periphery and supported in slots in the pole faces, for the purpose of 
diminishing the armature leakage reactance. ' . 

13 A Booster is a machine inserted in series in a circuit to change its 

voltage. It may be driven by an electric motor (in which case it is termed 
a motor-booster) or otherwise. . . . . 

14 A Motor-Generator is a transforming device consisting of a motor 
mechanically connected to one or more generators. _ 

15 A Dynamotor is a transforming device combining both motor ana 
generator action in one magnetic field, either with two armatures, or with 
one armature having two separate windings and independent commutators. 

16 A Converter is a machine employing mechanical rotation in changing 
electrical energy from one form into another. A converter may belong 
to either of several types, as follows: 

17 a. A Direct-Current Converter converts from a direct current to 
a direct current, usually with a change of voltage. 

18 b A Synchronous Converter (commonly called a rotary converter) 
converts from an alternating to a direct current, or vice versa. 

19 c A Motor-Converter is a combination of an induction motor with 

a synchronous converter, the secondary of the former feeding the arma¬ 
ture of the latter with current at some frequency other than the impressed 
frequency; i.e., it is a synchronous converter concatenated with an in¬ 
duction motor. , 

20 d. A Frequency Changer converts the power of an alternating-current 
system from one frequency to another, with or without a change m the 
number of phases or in the voltage. 

91 p A Rotary Phase Converter converts from an alternating-current 
sysiem of one or more phases to an alternating-current system of a dif¬ 
ferent number of phases, but of the same frequency. 

91a "Equalizing Connections are low resistance connections between 
equfpoSl joints of multiple-wound closed-coil armatures to equalize 
the induced voltage between brushes. • 
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o. definitions, stationary induction apparatus. 

t Appa.ra.tus changes electric energy to electric 

22 —»• “ “ mpr ‘“ “ ve, ‘' 

M , TtS°IS«. 11» 0 “S the primary and seeoad.ry windings ara 
insulated from one another- winding of a transformer, or of an 

23a . A * which receives power from an external source 

induction motor, whicn ri at winding of a transformer, or of an 

2Sb from V*™ * 

*o the source of 

power are not involved. onmnpn<;ators in which a part 

24 b. Auto-Transformers, also ^ alle ^ c °X r y hiding, or conversely, 

of the primary winding ls nsed a one ^ ofl is in s hunt and one 

25 c. Potential Regulators n the ratio c f transformation 

in series with the circuit, & are Q f the following three classes: 

between them is vanable at w ill. ey Compensator Reg- 

26 ulatom?^n A wMch. L the^iumber of^urns in use of one of the coils is 

27 i^ucTXON 

9R PO (3) 0 MAGNETO P Po“E N y TiAE Regulators iti which the direction 

of the magnetic flux with respect to the cods ms a ]u a {orm o{ 

^ st^tio^ary'indiicti'on'apparatul useilto su S pply^reactance or to produce phase 

displacement. „ ; s a device used in starting induction motors, 

°« “ .-rto-trunsformor com- 

bined with a suitable switching device. portion of the reac- 

.0 stray or purely self-m- 

ductive flux. 

D. GENERAL CLASSIFICATION OF APPARATUS. 

30 Commutating Machines. Under this 3; b |irect-current boost¬ 
ing: Direct-current generatorsor balancers; 
ers; motor-generators; d W°&SSSS“?mm«tating motors. 

31 Cl °Co < mmutating 1 machhMs a nm.y^be Purther^^ass^fied^as^follows^_^^ & mag . 

32 netic D fidfof C constTnt armatUre ’ and a multise ^ 

mental commutator connected tuer - Machines> w hich comprise a 

33 Jg„tarMd™°it.Si»g PolyryuNomd-co, 1 armature, aud a mult,- 

3, Ttitsssszs; ^SBJibe^rsf-— 

- 35 oSS^Sr “uVo”. 1 

an armature receiving or deliveermg alItematmg c f ^ e qual to the 

^dt^nr^ Krfofpole e s a h nd thl speeS of the machine m 
revolutions per second. include transformers, auto-trans- 

36 fonners^potoitia^i^uMtors^ and include ap- 

37 pa^atufwhlr C trprimarT and secondary windings rotate with re- 
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spect to each other; i.e., induction motors, induction generators, frequency 
converters, and rotary phase converters. 

38 Unipolar or Acyclic Machines, direct-current machines, in which the 
voltage generated in the active conductors maintains the same direction 
with respect to those conductors. 

39 Rectifying Apparatus, Pulsating-Current Generators. 

40 Electrostatic Apparatus, such as condensers, etc. 

41 Electrochemical Apparatus, such as batteries, etc. 

42 Electrothermal Apparatus, such as heaters, etc. 

42a Regulating Apparatus, such as rheostats, etc. 

42b Switching Apparatus. . 

43 Protective Apparatus, such as fuses, circuit-breakers, lightning 
arresters, etc. 

44 Luminous Sources. 

E. MOTORS. SPEED CLASSIFICATION. 

45 Motors may, for convenience, be classified with reference to their speed 
characteristics as follows: 

46 a. Constant-speed Motors, in which the speed is either constant or 
does not materially vary; such as synchronous motors, induction motors 
with small slip, and ordinary direct-current shunt motors. 

47 b. Multispeed Motors (two-speed, three-speed, etc.), which can be 
operated at any one of several distinct speeds, these speeds being practi¬ 
cally independent of the load, such as motors with two armature windings, 
or induction motors with controllers for changing the number of poles. 

48 c. Adjustable-speed Motors, in which the speed can be varied grad¬ 

ually over a considerable range; but when once adjusted remains prac¬ 
tically unaffected by the load, such as shunt motors designed for a con¬ 
siderable range of field variation. . 

49 d. Varying-speed Motors, or motors in which the speed varies with 
the load, decreasing when the load increases; such as series motors. 

F. DEFINITIONS. INSTRUMENTS. 

49a An Ammeter is a current-measuring instrument, indicating in amperes'] 

49b A Voltmeter is a voltage-measuring instrument, indicating in volts. 

49c A Wattmeter is an instrument for measuring electrical power, and 

indicating in watts. . 

49d Recording Ammeters, Voltmeters, Wattmeters, etc., are instru¬ 
ments which record graphically upon a time-chart the values of the quan¬ 
tities they measure. . , 

49e A Watt-hour Meter is an instrument for registering total watt-hours. 
This term is to be preferred to the term “ integrating wattmeter . 

49f A Voltmeter Compensator is a device in connection with a volt¬ 
meter, which causes the latter to indicate the voltage at some other point of 

the circuit. . . , . , . 1 . - .... , 

49g A Synchroscope is a synchronizing device which, m addition to 
indicating synchronism, shows whether the machine to be synchronized is 
« fast or slow. 

G. DEFINITION AND EXPLANATION OF TERMS. 

(I) LOAD FACTOR. 

60 The Load Factor of a machine, plant or system is the radio of the 

average power to the maximum power during a certain period ot time. 
The average power is taken over a certain period of time, such as a day 
or a year, and the maximum is taken over a short interval of the maxi¬ 
mum load within that period. . i, , , „ ., i ^ • 

61 In each case the interval of maximum load should be definitely speci¬ 
fied. The proper interval is usually dependent upon local conditions and 
upon the purpose for which the load factor is to be determined. 
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(II) DIVERSITY FACTOR. 

51a Diversity Factor is the ratio of the sum of the maximum power 
demands of the subdivisions of any system or part of a system, to the maxi¬ 
mum demand of the whole system or of the part of the system under con¬ 
sideration, measured at the point of supply. 

(III) DEMAND FACTOR. 

51b Demand Factor is the ratio of the maximum power demand of any 
system or part of a system to the total connected load of the system or of 
the part of system under consideration. 

(IF) NON-INDUCTIVE LOAD AND INDUCTIVE LOAD. 

52 A non-inductive load is a load in which the current is in phase with the 

63 V °An g hidu r ctive t load is a load in which the' current lags behind the voltage 
63 across the load. A load in which the current leads the voltage across the 
load is sometimes called a condensive or anti-inductive load. 

63a When voltage and current waves are sinusoidal but- not m phase, 
the voltage mfy be resolved into two components one m phase with the 
current, and thi other in quadrature therewith. The former is called the 
effective component (sometimes the energy component), and the latter 
thf reactive component of the voltage. The current may be similar y 
subdivided with respect to the voltage, and the two components similarly 
named. 

(V) POWER-FACTOR AND REACTIVE FACTOR. 

tVip Power-Factor in alternating-current circuits or apparatus is the 
ratio of the effective (i.e. the cyclic average) power m watts to the appar¬ 
ent power in volt-amperes. It may be expressed as follows 
effective power effecti ve watts effective_current _effe ctive v o ltage 
apparent power = total volt-amperes total current. total voltage 
kk tVip RfActive-Factor is the ratio of the reactive volt-amperes (i.e., 

6 ^Jnroduct If the reactive component of current by voltage, or reactive 
lorn^onent of vdhge by current) to the total volt-amperes. It may be 

6X martive“ 'reactive watts reactive current = reactive volta ge 
total volt-amperes total current total voltage 

5 « xf rSM5S.*«*- 

and current, 

f> 2 + S 2 = l 

With distorted waves of voltage and current, q ceases to have definite 
significance. 

(VI) SATURATION-FACTOR. 

67 . The Saturation-Factor ofia incre" 

increase in field exc tation fact0 r £ therefore, a criterion 

citation selected. Unless other Nation existing at normal rated speed 

“ a »» 

be found from its saturation curve o g t t ^ e curve at the ordinate 

excitation as abscissas, by drawing a tangent to tne curve t0 

corresponding to the assigned^ excitation, and ^enmng^ ^ ^ 

intercept the axis of ordinates dra & assigned excitation, when 

“ d is i " dep "' 
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dent of the scale selected for excitation and voltage. This ratio is equal 
to the reciprocal of the saturation-factor at the same excitation, deducted 
from unity. Thus, if f be the saturation-factor and p the percentage of 
saturation. 

1 

p = l-j 

(VII) VARIATION AND PULSATION. 

59 The Variation in Prime Movers which do not give an absolutely 
uniform rate of rotation or speed, as in reciprocating steam engines, is 
the maximum angular displacement in position of the revolving member ex¬ 
pressed in degrees, from the position it would occupy with uniform rota¬ 
tion, and with one revolution taken as 360 degrees. 

60 The Pulsation in Prime Movers is the ratio of the difference between 
the maximum and minimum velocities in an engine-cycle to the average 

velocity. . ., . 

61 The Variation in Alternators or alternating-current circuits m genei ai 
is the maximum difference in phase of the generated voltage wave from a 
w T ave of absolutely constant frequency of the same average value, 
expressed in electrical degrees (one cycle equals 360 degrees) and may 
be due to the variation of the prime mover. 

62 The Pulsation in Alternators or alternating-current circuits, m gen¬ 
eral, is the ratio of the difference between maximum and minimum fre¬ 
quency during an engine cycle to the average frequency. 

63 Relation of Variation in prime mover and alternator. If p - num¬ 
ber of pairs of poles, the variation of an alternator is p times the variation 
of its prime mover, if direct-connected, and p n times the variation of 
the prime mover if rigidly connected thereto in the velocity ratio n; so that 
the speed of the alternator is n times that of the prime mover. 


II. PERFORMANCE SPECIFICATIONS AND TESTS. 

A. RATING. 

65 Rating by Output. All electrical apparatus should be rated by output 
and not by input. Generators, transformers, etc., should be rated by 
electrical output: motors by mechanical output, and preferably in kilo- 

66a The following four classes of rating are recognized and recommended: 
they do not cover the rating of railway motors which is treated m 
Appendix B, and there are other large though less definitely definable classes 
of service in which each case must be treated by itself. _ Some of these 
may be later reduced to fairly simple terms and introduced into these Rules. 

65b 1. Continuous Rating in which under load there is the attainment of 

approximately stationary temperature, and no other limit of capacity is 
exceeded. 

65c 2. Intermittent Rating in which one minute periods of load and rest 

alternate until the attainment of approximately stationary temperature 
and no other limit of capacity is exceeded. ■ 

65d Note: —Since the temperature depends upon the losses and the capacity 
of the apparatus to emit them, a constant load may be substituted for the 
intermittent load in determining the temperature, provided the losses are 
equivalent. . 1 

66e 3. Minute Rating in which under load for one minute, no mechanical, 

thermal, magnetic, or electrical limit of capacity is exceeded and no perma¬ 
nent change is wrought in the apparatus. . 

65f 4. Variable Service Rating. It is desirable here to recognize this 

•class of rating which is intended to cover the rating of motors for machine- 
tool and similar service, in which the thermal absorptive capacity plays a 
part. The specifications for this rating have not been fully determined 
at the time that this edition of the Rules goes to press. 
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Rating in Kilowatts. Electrical power should be expressed in kilo- 

wit is except when otherwise specified. 

Apparent Power, Kilovolt-Amperes Apparent power at alternating- 
current circuits should be expressed in kilovolt-amperes as distinguished 
from effective power in kilowatts. When the power factor is 100 per 
“nt the apparent power in kilovolt-amperes is equal to the kilowatts 
The Ratpd (Piill-Loai» Current is (hat current which, with the rated 
terminal voltage, gives the rated kilowatts, or the rated kilovolt-amperes. 
In machines in which the rated voltage differs from the no-load voltage, 
■the. rated current should ruler to the torinei. 

i Determination ok Ratku Current. 1 he rated current may lx. de¬ 
termined as follows: If /’-rating m watts, or volt-amperes if the powci 
factor be other than 100 per cent, and K- full-load terminal voltage, 
the rated current per terminal is: 

) I~ P amperes, in a direct-current machine or single-phase alternator. 

I / -- ^. f amperes, in a three-phase alternator. 


12 I - | amperes, in a quarter-phase alternator. 

73 Normal Conditions. The rating of machines or apparatus should be 
based, upon certain normal conditions to be assumed as standaid, m to hi 
specified. These conditions include voltage, current, power-1 actoi, fit- 
quency, wave shape and speed; or such of them as may apply in each pai- 
ticular case. Performance tests should be made under these stand aid 

conditions unless otherwise specified. . t 

74 a. Power Factor. Since the inherent capacity of alternating cumin 
generators, synchronous motors, and transformers, depends upon their 
voltage and their current, they should be rated in kdovolt-ampurcs. ff 
the apparatus is rated in kilowatts without specification as to the power 
factor, a power factor of 100 per cent shall be understooi 

If rated in kilowatts and a power factor other than 100 pet < t nt la 
specified, this should be understood as defining only the nature n the loan, 
and not as implying an increase in the ampere rating of the apparatus, which 
should be based upon the kilowatt rating at 100 per cent powei facto . 

76 b. Wave Shape. In determining the rating of alternating-euiient ma¬ 
chines or apparatus, a sine wave shape of alternating current and voltage 
is assumed, except where a distorted wave shape is inherent to the appai- 

76 <lt RusES? C The rating of a fuse should be the maximum current, which it- 

will continuously carry. . „ , . , . t J t 

77 Circuit-Breakers. The rating of a cnrciut-breaker should be the max¬ 
imum current which it is designed to carry continuously. 

77a Note. In addition thereto, the maximum. current and voltage at 
which a fuse or a circuit-breaker will open the circuit should be specified. 
It is to be noted that the behavior of fuses and of circuit-breakers is much 
influenced by the amount of electric power available on the circuit, 

78 Indicating meters should be rated according to then tulb.Raic 
reading of volts, amperes, or watts. In wattmeters the rated volts ami 
rated amperes should also be included; i.e., the volts and amperes which 
can be safely and continuously carried by the voltage and current eons 
respectively. 

78a Watt-hour Meters should be rated in volts and amperes. 


B. WAVE SHAPE. 

79 The Sine Wave should be considered as.standard, except where a de¬ 
viation therefrom is inherent in the operation of the apparatus 

80 A Maximum Deviation of the wave from sinusoidal shape not exceeding 
10 per cent is permissible, except when otherwise specified. See Section oj. 

81, 82, 83. See Sections 5e to 51. 
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C. EFFICIENCY. 

(I) DEFINITIONS . 

84 The Efficiency of an apparatus is the ratio of its output to its input. 
The output and input may be in terms of watt-hours, watts, volt-amperes, 
amperes, or any other quantity of interest, thus respectively defining 
energy-efficiency, power-efficiency, apparent-power-efficiency, current-effi¬ 
ciency, etc. Unless otherwise specified, however, the term' is ordinarily 
assumed to refer to power-efficienc 3 r . An exception should be noted in the 
case of luminous sources, (see Sec. 346). 

86 Apparent Efficiency. In apparatus in which a phase displacement is 
inherent to their operation, apparent efficiency should be understood as 
the ratio of net power output to volt-ampere input. 

87 a. Note. Such apparatus comprises induction motors, synchronous 
phase modifiers, synchronous converters controlling the voltage of an 
alternating-current system, potential regulators, open magnetic circuit 
transformers, etc. 

88 b. Note. Since the apparent efficiency of apparatus delivering electric 
power depends upon the power-factor of the load, the apparent efficiency, 
unless otherwise specified, should be referred to a load power-factor of unity 

(II) MBASUREMENT OF EFFICIENC Y. 

89 Methods. Efficiency may be determined by either of two methods, 
viz.: by measurement of input and output; or, by measurement of losses. 

90 a. Method of Input and Output. The input and output may both 
be measured directly. The ratio of the latter to the former is the efficiency. 

91 b. Method by Losses. The losses may be measured either collectively 
or individually. The total losses may be added to the output to derive 
the input, or subtracted from the input to derive the output. 

92 Comparison of Methods. The output and input method is preferable 
with small machines. When, however, as in the case of large machines, 

‘ it is impracticable to measure the output and input; or when the per¬ 
centage of power loss is small and the efficiency is nearly unity, the method 
of determining efficiency by measuring the losses should be followed. 

93 Electric Power should be measured at the terminals of the appar¬ 
atus. In tests of polyphase machines, the measurement of power should 
not be confined to a single circuit but should be extended to all the cir¬ 
cuits in order to avoid errors of unbalanced loading. 

94 Mechanical Power in machines should be measured at the pulley, 
gearing, coupling, etc., thus excluding the loss of pow T er in said pulley, 
gearing or coupling, but including the bearing friction and windage. The 
magnitude of bearing friction and windage may be considered, with con¬ 
stant speed, as independent of the load. The loss of power in the belt and 
the increase of bearing friction due to belt tension should be excluded. 
Where, however, a machine is mounted upon the shaft of a prime mover, 
in such a manner that it cannot be separated therefrom, the frictional 
losses in bearings and in windage, which ought, by definition, to be included 
in determining the efficiency, should be excluded, owing to the practical 
impossibility of separating them from those of the prime mover. 

95 In Auxiliary Apparatus, such as an exciter, the power lost m the 

auxiliary apparatus should not be charged to the principal machine, but 
to the plant consisting of principal machine and auxiliary apparatus 
taken together. The plant efficiency in such cases should be distinguished 
from the machine efficiency. , , , , , 1 

96 Normal Conditions. Efficiency tests should be made under normal 
conditions herein set forth, which are to be assumed as standard. 
These conditions include voltage, current, power-factor, frequency, wave 
shape, speed, temperature and barometric pressure, or such of them as 
may apply in each particular case. Performance tests should be made 
under these standard conditions unless otherwise specified, bee bees. 
73—75. 

97 a. Temperature. The efficiency of all apparatus, except such as may 
be intended for intermittent service, should be either measured at, or re- 
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, - , which the apparatus assumes under continuous 

»■ 25d.*.c«n,. 

co ^wftlfnno^atus mtended for intermittent service, the efficiency should 

98 Vh ^J^r^mned at the temperature assumed under specified conditions. 

99 be i d PO ”er f ACTOR In determining the efficiency of alternating-current 

" tWlectric power should be measured when the current is in 

nhase wUh the voltage,Unless otherwise specified, except when a definite 
Shase difference is inherent in the apparatus as in induction motors, 

induction generators, frequenc^^convMters^^etc.^ alterriating . current 

100 c. WA ^ E .^g A jL‘ wave should be Considered as standard, except where a 
dSce in thewa^form from the sinusoidal is inherent m the operation 
of the apparatus. See Sec. 80. 

am MEASUREMENT OF LOSSES. 

101 Losses The usual sources of losses in electrical apparatus and the 
methods of determining these losses are as follows: 

in? (A) Bearing Friction and Windage. 

102 {A) , • friction and windage (which may be const d- 

The t 0 £ t ^ e load) is conveniently measured by driving 

K? Z:S}PSli i«aS«4;. the output oi ,h,ch may be 

suitably determined. See Sec. 94. 

(B) Commutator Brush Friction. - , 

108 ‘Vui.gnitude of <h«■ •rtTi.'S&Sd'l.y'SS.SS ScffiH 

SS S Ji.h bmthc. o. and 

with brushes off (the field being unexcited). 

//~>\ COLLECTOR-RING BRUSH FRICTION. 

currents m iron £copper smd otti-er ^^tc Jnectki armatures.. 

volSl. “S“h,y d/uot usually va,y in any d.tat. pro- 

STiSsrss“ 7* 

either as a motor, or by means . d • £ n f r i c tion, and windage losses 

108 Retardation Method. The no Method The generator should 

may be segregated by the about 10 per cent above 

be brought up to ful i. S T P tnd after P cutting off the driving power and 
full speed) as a motor, a » , - , taken of speed and time, as the 

excitation, frequent readings should be taken ot^spe ^ ^ pk)tted _ A 

-machine slows down, from, which a peed bu t with full field ex- 

citation° 1 from S ttie U second t curve 1 the iron losses may be found by subtracting 
the losses found in the firs ^ ol i r 7®; lf . tted automatically by belting a small 

109 sep^keffe^ V* to the Shaft 

connecting it to a recording voltmeter. 

(.E) Armature-Resistance Loss. r = resistance of one arma- 

110 This loss may be expres curfent ik such armature circuit or branch, 

SS ??£ "umb“ C ‘f l^LTA, or b,.««b«. 
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( f ) Commutator, Brush and Brush-Contact Resistance Loss. 

It is desirable to point out that with carbon brushes these losses may 
be considerable in low-voltage machines. 

(G) Collector-Ring and Brush-Contact Resistance Loss. 

This loss is usually negligible, except in machines of .extremely low 
voltage or in unipolar machines. 

(H) Field-Excitation Loss. 

With separately excited field, the loss of power in the resistance of the 
field coils alone should be considered. With either shunt- or series-field 
windings, however, the loss of power in the accompanying rheostat should 
also be Excluded, the said rheostat being considered as an essential part 
of the machine, and not as separate auxiliary apparatus. 

(I) Load Losses. 

The load losses may be considered as the difference between the total 
losses under load and the sum of the losses as above specified and de- 

temnned^ utating Machines of small field distortion, the load bosses 

are usually trivial and may, therefore, be neglected When, however, the 
field distortion is large as in commutating-pole machines; or, as is 
for instance, by the necessity for shifting the brushes b f t ^ n ^ r ° c; 1 ^ v a ^ 
full load on non-commutatmg pole machines; these load losses may be 
considerable, and should be taken into account In this case the effi¬ 
ciency mav be determined either by input and output measurements, 
or the load losses may be estimated by the method of Sec. 116. 

V Estimation of Load Losses. While the load losses cannot well be 
determined individually, they may be considerable and, therefore, their 
joint influence should be determined by observation This can be done 
by operating the machine on short-circuit and at^ full-load current, that 
is; by determining what may be called the short-circuit core 
the low field intensity and great lag of current existing m this case, the 
load losses are usually greatly exaggerated. . . , 

One-third of the short-circuit core loss may, as an approximation, and 
in the absence of more accurate information, be assumed as the load loss. 

(IV) EFFICIENCY OF DIFFERENT TYPES OF APPARATUS. 

(^4) Direct-Current Commutating Machines. 

In Direct-Current Commutating Machines the losses are: 
a. Bearing Friction and WTndage. See Measurement of Losses 

{A b. Molecular Magnetic Friction and Eddy Currents. See 

Measurement of Losses (D), Sec. 105. T t 

c. Armature Resistance Losses. See Measurement of Losses (£), 

Commutator Brush Friction. See Measurement of Losses (£), 

Commutator, Brush and Brush-Contact Resistance. See Meas¬ 
urement of Losses (F), Sec. Ill* , r T i iq 

f. Field Excitation Loss. See Measurement of Losses (H), Sec. lid. 
z Load Losses. See Measurement of Losses (I), Sec. 114. ^ 

Note, b and c are losses in the armature or armature losses ; d and e 
“ commutator losses f “ field losses. 

(B) Alternating-Current Commutating Machines. 

Tn Ai ternating-Current Commutating Machines, the losses are: 
a. Bearing Friction and Windage. See Measurement of Losses {A), 

Se ?' TjryrATTON Loss measured with the machine at open circuit, the 
brushes on the commutator, and the field excited by alternating cur- 
rent when driving the machine by a motor. ^ ^ , 

This loss includes molecular magnetic taction and eddy currents, 
caused by rotation through the magnetic field, P r losses m cross-con- 
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_armatures Pr and other losses in armature- 

coflfa'dlrSatu^ads^which are short-circuited by the brushes as far 

as these losses are due toj oss These losses are measured 

131 e. Alternating “Transformer loss.^ conditions q£ test b _ They 

by wattmeter in the field ci rcmt» eddv-currents due to the alter- 

include molecular magnetic r on cross-connections of cross-con- 

nat l°d u?e a s g Pr and othe losfes in armature coil and commutator 

SVhiSa a 'short-cTrcuited by the brushes, as far as these losses are 
due to the alternation of the magnetic^flux^tor leads short . circu ited by 

132 The losses in armature • d f rom the other losses, by run- 

the brushes, brushes o”the commutator. . 

mn P Loss other load losses in armature and compensating rvind- 

133 in^ and /V loss of brushes, may be.measured by a wattmeter connected 

134 aC ^ OS h t ELD a ExciTATioN d Lo^ Pe Se^ t Measurement of Losses (H), Sec. 113. 
lit f. Commutator Brush-Friction. See Measurement of Losses (B), 

Sec. 103. 

(C) Synchronous Commutating Machines. 

136 1. In Double-Current Generator, aTalteT- 

natfng-current gTerator. The two values of efficiency may be different, 

137 “*9 S I h n OU CONVERTERS thfK^hould be determined when driving the 

138 See Measurement of Losses (A). 

139 S t Molecular Magnetic Friction and Eddy Currents. See Meas- 

urement of losses (X^) Sec. 'This Iacc in the armature is g XV, 

NgmMimm-imsui 

141 S 1 X d P C0MMUTAT0R-BRUSH Friction. See Measurement of Losses ( 5 ), 

142 ^e.' Collector-Ring Brush Friction. See Measurement of Losses (C), 

143 Se /’ Commutator, Brush and Brush-Contact Resistance Loss. See 

144 “rffi^-^BRUsItcoNTACT Resistance Loss. See Measure- 

146 ra XV 0 , f ELD 0 Exc[STl S o e N C 'Los 2 s. See Measurement of Losses. (H) Sec. 109. 

•; SS C can generally be neglected, owing to the ab- 

147 S T e T H E fi EFFici t E°NCY OF Two Similar Converters may be determined 

is to supply the losses by an alternator between the two machines, usm b 
potential regulators. 

(. D ) Synchronous Machines. 

52 .? B™F°r”^ See Measurement of Losses (A). 

150 Se b. Molecular Magnetic Friction and Eddy Currents. See Mea- 
surement of Losses ( D ), Sec. 105. 
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151 c. Armature-Resistance Loss. See Measurement of Losses (E), Sec. 
110 . 

162 d. Collector-Ring Brush Friction. See Measurement of Losses 
(C), Sec. 104. 

153 e. Collector-Ring Brush-Contact Resistance Loss. See Measure¬ 
ment of Losses (G), Sec. 112. 

154 /. Field-Excitation Loss. See Measurement of Losses (IT), Sec. 113. 
165 g. Load Losses. See Measurement of Losses (I), Sec. 114. 

(E) Stationary Induction Apparatus. 


156 In Stationary Induction Apparatus, the losses are: 

167 a. Molecular Magnetic Friction and Eddy Currents measured at 
open secondary circuit, rated frequency, and at rated voltage —I r, where 
I — rated current, r— resistance of primary circuit. 

158 b. Resistance Losses, the sum of the 1 2 r losses in the primary and 
in the secondary windings of a transformer, or in the two sections of the 
coil in a. compensator or auto-tran^former, where 1 = rated current in 
the coil or section of coil, and r = resistance. 

159 c. Load Losses, i.e ., eddy currents in the iron and especially in the 
copper conductors, caused by the current at rated load. For practical 
purposes they may be determined by short-circuiting the secondary of 
the transformer and impressing upon the primary a voltage sufficient to 
send rated load current through the transformer. The loss in the trans¬ 
former under these conditions, measured by wattmeter, gives the load 
losses-pi 2 r losses in both primary and secondary coils. 

160 - in. Closed Magnetic Circuit Transformers, either of the two circuits 
may be used as primary when determining the efficiency. 

161 In Potential Regulators, the efficiency should be taken at the max¬ 
imum voltage for which the apparatus is designed, and with non-inductive 
load, unless otherwise specified. 

( F) Rotary Induction Apparatus, or Induction Machines. 

162 In Rotary Induction Apparatus, the losses are: 

163 a. Bearing Friction and Windage. See Measurement of Losses (A), 

Sec. 102. . . 

164 b. Molecular Magnetic Friction and Eddy Currents m iron, copper 
and other metallic parts; also Tr losses which may exist in multiple- 
circuit windings, a and b together are determined by running the motor 
without load at rated voltage, and measuring the power input. 

165 c. Primary P R Loss, which may be determined by measurement of 

the current and the resistance. . . 

166 d Secondary P R Loss, which may be determined as m the primary, 

when feasible; otherwise, as in squirrel-cage secondaries, this loss is meas¬ 
ured as part of e. . _ . . , .. . 

167 ' e Load Losses; i.e., molecular magnetic friction, and eddy currents 
in iron, copper, etc., caused by the stray field of primary and secondary 
currents, and secondary P R loss when undeterminable under (d). these 
losses may for practical purposes be determined by measuring the total 
power, with the rotor short-circuited at standstill and a current m the 
primary circuit equal to the primary energy current at full load. I he 
loss in the motor under these conditions may be assumed to be equal to 
the load losses +I 2 r losses in both primary and secondary coils. 


168 

169 

170 

171 

172 


(G) Unipolar or Acyclic Machines. 

In Unipolar Machines, the losses are: , , T 

(a) Bearing Friction and Windage. See Measurement ot Losses 

^(b) ^Molecular Magnetic Friction and Eddy Currents. See 

Measurement of Losses (E), Sec. 106. ^ T rm 

(c) Armature-Resistance Losses. See Measurement of Losses ( E), 


Sec. 110. 

(d) Collector-Brush Friction. 


See Measurement of Losses (C), 


Sec. 104. 
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179 


173 0) Collector Brush-Contact Resistance. See Measurement of 

174 LO m eS FiELD S Exc 1 iTATXON. See Measurement of Losses (H) Sec. 113. 

176 (g) Load Losses. See Measurement of Losses (/), Sec. 114. 

(i?) Rectifying Apparatus, Pulsating-Current Generators. 

176 This division includes: open-coil arc machines and mechanical and 

177 0t InRECTiFlERS the most satisfactory method of determining the efficiency 

177 ;<= to measure both electric input and electric output by wattmeter. The 

nnut^s usually inductive, owing to phase displacement and to wave dis¬ 
tortion For this reason the power factor and the apparent efficiency 
should also be considered, since the latter maybe much lower than the 
?r,?e efficiencv. The power consumed by auxiliary devices, such as the 
synchronous motor or cooling devices, should be included in the electnc 

178 Constant-Current Rectifiers, transforming from Constant poten- 
178 tial alternating to constant direct current, by means of constant-current 

transforming devices and rectifying devices, the losses m the transforming 
Sma e to be included in determining the efficiency and have to be 
measured when operating the rectifier, since in this, case the losses may be 
Stlter than when feeding an alternating secondary circuit. In constant- 
current transforming devices, the load losses may be considerable, and 

th Irf Open-Coil Arc Machines, the losses are essentially the same as m 
direct-current (closed coil) commutating machines^ In this case, how- 

^t^Sg^S^ measur- 

1 to nulsSion of current and voltage, a considerable discrepancy 

^ t dhecbOTrmS e \mltmJter^Mffi' 1 ammeter!^' Th^typ^oF'aRernathig^mr- 
r^t^iiis'txument here mferred to t^frht 

SSSSwoSi on an alternating-current circuit. 

(J) Transmission Lines. 

ian Efficiency of transmission lines should be measured with non- 

180 . J h ® °r x™ end, with the rated receiving voltage and 

other apparatus at the ends of the line. 

(J) Phase-Displacing Apparatus. 

183 In Synchronous Phase-Modifiers and exciters of induction generators, 
1 the determination of losses is the same as in other.synchronous machines 
1 BA Tn EfTtors the losses are molecular magnetic friction, eddy losses 

- :f~itejs ftSga ** -- 

'and temperature? and should be determined with a sine wave of rmpressed 
voltage, except where expressly specified otherwise. 


1 
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D. REGULATION. 


(I) DEFINITIONS. 

187 The Regulation of a machine or apparatus in regard to some 
characteristic quantity (such as terminal voltage, current or speed) 
is the ratio of the deviation of that quantity from its normal value at rated 
load to that normal value. The term “ regulation,” therefore, has the 
same meaning as the term “ inherent regulation,” occasionally used. 

188 Constant Standard. If the characteristic quantity is intended to re¬ 
main constant (e.g., constant voltage, constant speed, etc.) between rated 

. load and no load, the regulation is the ratio of the maximum variation 
from the rated-load value to the no-load value. 

189 Varying Standard. If the characteristic quantity is intended to vary 
in a definite manner between rated load and no load, the regulation is 
the ratio of the maximum variation from the specified condition to the 
normal rated-load value. 

190 (a) Note. If the law of the variation (in voltage, current, speed, etc.) 
between rated load and no load is not specified, it should be assumed to be 
a simple linear relation; i.e. } one undergoing uniform variation between 
rated load and no load. 

191 ih) Note. The regulation of an apparatus may, therefore differ ac¬ 
cording to its qualification for use. Thus, the regulation of a compound- 
wound generator specified as a constant-potential generator, will be dif¬ 
ferent from that which it possesses when specified as an over-compounded 


generator. 

192 In Constant-Potential Machines, the regulation is the ratio of the 
maximum difference of terminal voltage from the rated-load value (occur¬ 
ring within the range from rated load to open circuit) to the rated load 
terminal voltage. 

193 In Constant-Current Machines, the regulation is the ratio of the 
maximum difference of current from the rated-load value (occurring 
within the range from rated-load to short-circuit, or minimum limit of 
operation), to the rated-load current. 

194 In Constant-Power Apparatus, the regulation is the ratio of maxi¬ 
mum difference of power from the rated load value (occurring within the 
range of operation specified) to the rated power. 

195 In Constant-Speed Direct-Current Motors and Induction Motors 

the regulation is the ratio of the maximum variation of speed from its 
rated load value (occurring within the range from rated load to no-load) 
to the rated load speed. . 

196 The regulation, of an induction motor is, therefore, not identical with 

the slip of the motor, which is the ratio of the drop in speed from syn¬ 
chronism, to the synchronous speed. . . t 

197 In Constant-Potential Transformers, the regulation is the ratio of 

the rise of secondary terminal voltage from rated non-inductive load to 
no-load (at constant primary impressed terminal voltage) to the secondary 
terminal voltage at rated load. . . , 

198 In Over-Compounded Machines, the regulation is the ratio of the 
maximum difference in voltage from a straight line connecting the no-load 
and rated-load values of terminal voltage as function of the load current, 


to the rated-load terminal voltage. 

In Converters, Dynamotors, Motor-Generators and Frequency 
Converters, the regulation is the ratio of the maximum difference of ter¬ 
minal voltage at the output side from the rated-load voltage, to the rated- 

load voltage on the output side. , ,. , 

In Transmission Lines, Feeders, etc., the regulation is the ratio of 
the maximum voltage difference at the receiving end, between rated non- 
inductive load and no-load to the rated-load voltage at the receiving end 
(with constant voltage impressed upon the sending end). 

In Steam Engines, the regulation is the ratio of the maximum varia¬ 
tion of speed in passing slowly from rated-load to no-load (with constant 
steam pressure at the throttle) to the rated-load speed. For variation 
and pulsation see Secs. 59-64. 
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In a Hydraulic Turbine or Other Water-Motor, the regulation is 
the ratio of the maximum variation of speed in passing slowly from rated- 
load to no-load (at constant head of water; at constant difference of 
level between tail race and head race), to the rated-load speed. For 
variation and pulsation see Secs. 59—64. • 

In a Generator-Unit, consisting of a generator united with a pnme- 
mover the regulation should be determined at constant conditions ot the 
orime-moverconstant steam pressure, head, etc. It includes the 
inherent speed variations of the prime-mover. For this reason the regu¬ 
lation of a generator-unit is to be distinguished from the regulation of 
either the prime-mover, or of the generator contained m it, when taken 
separately. 

(II) CONDITIONS FOR AND TESTS OF REGULATION. 

I Speed. The Regulation of Generators is to be determined at con¬ 
stant soeed, and of alternating apparatus at constant impressed frequency. 

5 Non?Inductive Load. In apparatus generating, transforming or trans- 
mittine alternating currents, regulation should be understood to refer to 
non-Sductive load that is, to a load in which the current is in phase with 
the e.m.f. at the output side of the apparatus, except where expressly 

6 SP Wave Form. In alternating apparatus receiving electric power, regu¬ 
lation should refer to a sine wave of e.m.f., except where expressly spec - 

7 fie E xcitation'. In commutating machines, rectifying machines, and syn- 
chronous machines, such as dirlct-current generators. and motors, alter- 
nating-'current and polyphase generators, the regulation is to be deter¬ 
mined under the folio win g_ conditions: 

(1) At constant excitation in separately excited fields. 

(2) With constant resistance in shunt-field cl . rcu i ts ,’, al J,f - t ; 6 the 
)o{ w;th constant resistance shunting series-field circuits, i.e. r tne 

fielTaSustment should remain constant, and should be so chosen as to 
pive the required rated-load voltage at rated-load current. . , 

g Impedance Ratio. In alternating-current apparatus, m addition to the 
nnndnductive regulation, the impedance ratio of the apparatus should be 
soecified • i e the ratio of the voltage consumed by the total internal lm- 

» A! c‘o“„™S“ SSSSJSTT syttChronou, 56 machines .he open- 

is 

from the saturation curve. 

E. INSULATION. 

(I) INSULATION RESISTANCE. 

produce a leakage of Electric Strength. The ohmic resistance 

ohmic resistance of the insulation can A me - ke g ned thereby, it is preferable 
but the dieiectnc strength is haHeto ^^^ff^Usulatfon resist- 

ince PeC The Wgtvoltlge test for dielectric strength should always be ap- 

P lied * i; , TTTr Pfststance The insulation resistance of 

12 coSS”atS ^ ° f ^ 

apparatus will not send more than of the rated4oad current ’ 
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through the insulation. Where the value found in this way exceeds one 
megohm, it is usually sufficient. 

213 Insulation Resistance Tests should, if possible, be made at the 
pressure for which the apparatus is designed. 

(II) DIELECTRIC STRENGTH . 

( A ) Test Voltages. 

214 Definition. The dielectric strength of an insulating wall, coating, 
cover or path is measured by the voltage which must be applied to it in 
order to effect a disruptive discharge through the same. 

215 , Basis for Determining Test Voltages. The test voltage which 

. should be applied to determine the suitability of insulation for commer¬ 
cial operation is dependent upon the kind and size of the apparatus and 
its normal • operating voltage, upon the nature of the service in which it 
is to be used, and the severity of the mechanical and electrical stresses to 
which it may be subjected. The voltages and other conditions of test 
which are recommended have been determined as reasonable and proper 
for the great majority of cases and are proposed for general adoption, 
except when specific reasons make a modification desirable. 

216 Condition of Apparatus to be Tested. Commercial tests should, in 
general, be made with the completely assembled apparatus and not with 
individual parts. The apparatus should be in good condition and high- 
voltage tests, unless otherwise specified, should be applied before the 
machine is put into commercial service, and should not be applied when 
the insulation resistance is low owing to dirt or moisture. High-voltage 
tests should, in general, be made at the temperature assumed under nor¬ 
mal operation. High-voltage tests considerably in excess of the normal 
voltages to determine whether specifications are fulfilled are admissame 
on new machines only. Unless otherwise agreed upon, high-voltage tests 
of a machine should be understood as being made at the factory. 

217 Points of Application of Voltage. The test voltage should be suc¬ 

cessively applied between each electric circuit and all other electric cir¬ 
cuits including conducting material in the apparatus. # 

218 The Frequency of the alternating-current test voltage is, m general, 
immaterial within commercial ranges. When, however, the frequency has 
an appreciable effect, as- in alternating-current apparatus of high voltage 
and considerable capacity, the rated frequency of the apparatus should 

219 * Table of Testing Voltages. The following voltages are recommended 
for testing all apparatus, lines and cables, by a continued application 
for one minute. The test should be with alternating voltage having a 
virtual value (or root mean square referred to a sine wave of voltage) 
given in the table, and preferably for tests of alternating apparatus at 
the normal frequency of the apparatus. 

, Rated Terminal Voltage of Circuit. »*ted 1 Output. Testxng Voltage. 

220 Not exceeding 400 volts.Under 10 kw . .1,000 \olts. 

« a ** « .10 kw. and over. ..l,oUU 


Exception- 


400 and over, but less than 800 volts.. Under 10 kw.1,500 “ 

« u « “ « ..10 kw. and over. ..2,000 

800 “ “ “ 1,200 “ ..Any.3,500 “ 

1 a™ « « « 2,500 “ ..Any.o,000 

« « Any. .Double the normal rated 

^> 5UU voltages. 

Exception.— Transformers. Transformers haying primary pressures 
of from 550 to 5,000 volts, the secondaries of which are> directly <:on 
tTtn consumption circuits, should have a testing voltage of 10,000 
voUs to bT appIied between the primary and secondary wrndmgs, and 

al Excep^ON The testste field windings should be 

voltage Is tested at 5.000 volts. 
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223 


224 


226 


226 


227 


228 


229 


230 

231 


232 

233 

234 


235 


Rated Terminal Voltage.—Definition. The rated terminal voltage 
of circuit in the above table, means the voltage between the conductors 
of the circuit to which the apparatus to be tested is to be connected,—for 
instance in three-phase circuits the delta voltage should be taken. In 
the following specific cases, the rated terminal voltage of the circuit is 
to be determined as specified in ascertaining the testing voltage: 

(a) Transformers. The test of the insulation between the primary and 
secondary windings of transformers, is to be the same as that between 
the high-voltage windings and core, and both tests should be made simul¬ 
taneously by connecting the low-voltage winding and core together during 
the test. If a voltage equal to the specified testing voltage be induced 
in the high-voltage winding of a transformer it may be used for insulation 
tests instead of an independently induced voltage. These tests should be 
made first wi?h one end and then with the other end of the high-tension 
winding connected to the low-tension winding and to the core. 

(b) Constant-Current Apparatus. The testing voltage is to be 
based upon a rated terminal voltage equal to the maximum voltage which 

ma f£) e APPARA°T P us 1 iN SERiEs Clr For tests of machines or apparatus to be 
operated in series, so as to employ the sum of their separate voltages the 
testing voltage is to be based upon a rated terminal voltage equal to the 
sum of the separate voltages except where the frames of the machines 
am separately insulated, both from the ground and from each other, in 
which P case the test for insulation between machines should be based upon 
the voltage of one machine, and the test between each machine and ground 
to be based upon the total voltage of the series. 

(3) Methods of Testing. 

Ptassfs of Tests. Tests for dielectric strength cover such a wide 
range in voltage that the apparatus, methods and precautions which are 
essential in certain cases do not apply to others. For convenience, the 

S ra cuitcluIe 0 sai a Tapparatus for which the test voltage 

does not exceed 10 kilovolts, unless the apparatus is of very large static 
does not exceeu io system. This class also includes all apparatus 

of P mail'static capacity, such as line insulators, switches and the like, for 

all MF S THODOF S TEST for Class 1. The test voltage is to be continuously 
rVii^rl fnr the orescribed interval,—(one minute unless otherwise speci- 
fied The test P voltage may be taken from a constant-potential source 
5nd applied directly to the apparatus to be tested, or it may be raised 
gradually as specified for tests under Class z. i riq« 1 

xh. mow. 

“The a£VcSS,“a“L?£Sf"^S.«pply owelty so ttst 

rie. The circuit should be free from .ooideut.l mt.rmptmns 

IKS-— sk » ,a 
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237 


236 The Insulation under test should be in normal condition as to dry¬ 
ness and the temperature should when possible be that reached m norma 

^Additional Conditions and Precautions for Class 2. The following 
conditions and precautions, in addition to the foregoing, apply to tests 
of apparatus included in Class 2. ' 

238 Sudden Increment of Testing Voltage on the apparatus under te 
should be avoided, particularly at high voltages and with^apparatus haying 
considerable capacity, as a momentarily excessive rise m testing voltage 

239 ^Sudden’Variations in Testing Voltage of the circuit supplying the 
voltage during the test should be avoided as they are likely to set up 

240 mj Go°OB S Connections in the circuits supplying the test voltage are es¬ 
sential in order to prevent injurious. high frequency disturbances from 
being set up. When a heavy current is carried by a small water rheostat, 
arcing may occur, causing high-frequency disturbances which should be 

241 Ca T ransformer Coils. In high-voltage transformers, the low-voltage 
coil should preferably be connected to. the core and to The ground when 
the high-voltage test is being made, m order to avoid the stress from 
low-voltage coil to core, which would otherwise result through condenser 
action. The various terminals of each winding of the high-tension trans¬ 
former under test should be connected together during the test in order 
to prevent undue stress on the insulation between turns or sections of the 
winding in case the high-voltage test causes a break-down. 

( c ) Methods for Measuring the Test Voltage. 

242 For Measuring the Test Voltage, two instruments are in common 

243 US ! ^hfSpX* G& w or^iari^d^stTfso^that it will break down with a 
2 certain Predetermined voltage, and is connected in parallel with the m- 

sSation P under tSt It ensures that the voltage applied to the insulation 
is not greater than the break-down voltage of the spark gap. A given 
setting of the spark gap is a measure of one definite voltage, and as its 
ooeration depends upon the maximum value of the voltage wave, it is 
independent of wave form and is a limit on the maximum stress to which 
the msulation is subjected. The spark gap is not conveniently adapted 

244 f0r in°Sp^. rk^Gap 7 Measurements, the spark gap may be set for the re¬ 
quired voltage and the auxiliary apparatus adjusted to give a voltage at 
\$hich this spark gap just breaks down. The spark gap should then b 
adiusted for sav, 10 per cent higher voltage, and the auxiliary apparatus 
a vain a di us ted to give the voltage of the former breakdown, which is to 
bflhe assumtd voyage for the test. This voltage is to be maintained 

246 ^Thef Sparr 6 Points should consist of new sewing needles, supported 

2 axiallv at the ends of linear conductors which are each at least twice the 

lenvth of th l gap There should be no extraneous body near the gap 

iengtii ot tne g p length A table of approximate striking dis- 

S£S ft Sv.°n to ‘d!^ 1 This table should, used to e.n.ec.io. 

"T StoS™™ feSlSeKioS. one-half etm per vr.lt should be 
inserted in series with each terminal of the gap so as to keep the discharge 

247 % 

, luitableTor all votoges^n^doesnM introduce disturbances into the test 

248 3 ^=* 
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test; or that proper ^ L ^' 0 J: 1 ’ 1 ,., n ,. K 'pj,,. spark: gap may be employed as a 

19 Spark Gap AND U ) 1' ' ^ ; n high-tension tests in order to determine 

check upon the volt me - u- th(j |nu j sfl)rmi , ri the variation from the sine 
the transformation nil - 1 j, usc f„i in conjunction with voltmeter 

... u* <—»«« 

( D ) APPARATUS FOR SUPPEVIKO. TKST Vol.TAGK. ' 

v suimlving voltage for the test should 

50 The Generator ( . a . )ac .it y j so that the current which may 

have ample cuuent ca V h 1 • h tested will not materially alter 

be taken for charging U e.tpi.maU> : ^ lv ^ Uu; volUl g C . 

the wave form noi oth. .c j p,. such that, its ratio of trans- 

The .Testing « w . . delivering the chtug- 

formation does not vaiy 1 K ; J uwlwr test. (This may he deter- 

ing current Vlu- sewindarv or high voltage winding of the test- 

mined by shott-c.iixuit■ 1 b , C , „j- lht . primary voltage to the primary 

ing transformet and sun. h ( . um . nl that flows under this condition 
under this condition.. - i,,.'i)ermitted in regular dielectric test.) 

m >* tfe«S^S£5fS5!s i "™ U -**""""" 

262 1. By generator held eiu.ujt. 

oko? o Bv magnetic conmuitation. 

264 3. By change in transformer ratio. 

265 4. By resistonce or e io v(. u>t ••• voltage of the generator should 

266 In Generator V n.,u ; ' *n « «;; ^ nml ,j W)1 \, ahu . when the 

preferably be about, it., a 1 ■ . j tj, al . u,e ratio of the raising 

full toting vnHuge s a .‘haling 1 voltage is reached when the gen- 
transformet be such that • . .. j jj, t j„. instability m the generator 

which nmy ^ur iTVconsidcrahh- leading current is taken front it when 
it has low voltage and iou It'- < .eV'tm'nil is effected by shunting the inag- 

267 -ScSi™ it! "Tin' shunt ing Sft Mi 

* smoothly,"thus avoiding V,V*"n'Vr'of “ralhslt' is mutes- 

268 saSt^theria^tionIV^Uv.^ 

ruption. of thy ^ T1 necessity of this precaution is greater 

as^thc inductanee'iir Vhe static capacity of the apparatus the testing 
circuit under test is greatei, , * f nr voltage control, it 

269 ; inVsecured when the controlling 

is desirable that tin.. u ; u b \ * 7 * , . vni \ n >\ v m \, of circuit in order 

r®iX,SSXt\,;:^ the' wavc'form which results may 1, negli¬ 
gible at the highest, voltage. 

Y. t’tlM 1M1CT1V1TY. 

” mmmrnsm 

sssaJWi:f ... ■*•** *•» 

deg, cent. 
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G. RISE OF TEMPERATURE. 


(I) MEASUREMENT OF TEMPERATURE . 

(A) Methods. 

261 There are two methods in common use for determining the rise in tem¬ 

perature, viz.: (1) by thermometer, and (2) by increase in resistance of 
an electric circuit. . . , , , , 

262 1. By Thermometer. The following precautions should be observed 
in the use of thermometers: 

263 a. Protection. The thermometers indicating the room temperature 
should be protected from thermal radiation emitted by heated bodies, or 
from draughts of air or from temporary fluctuations of temperature. 
Several room thermometers should be used. In using the therrnometer 
by applying it to a heated part, care should be taken so to protect its bulb 
as to prevent radiation from it, and, at the same time, not^ ^ interfere 
seriously with the normal radiation from the part to which it is applied. 

264 b Bulb. When a thermometer is applied to the free surface of a ma¬ 
chine, it is desirable that the bulb of the thermometer should be covered 
by a pad of definite area. A convenient pad may be formed of cotton 
waste in a shallow circular box about one and a half inches in diameter, 
through a slot in the side in which the thermometer bulb is inserted. An 
unduly large pad over the thermometer tends to interfere with the natural 
liberation of heat from the surface to which -the thermometer is applied. 

265 2 By Increase in Resistance. The resistance may be measured 
either bv the Wheatstone bridge, the Thomson or Kelvin double bridge, 
the potentiometer method, or the ammeter and voltmeter method. If a 
temperature coefficient must be assumed, its value for copper may be 
taken to be 0.00394 per deg. cent, from and at 20 deg. cent., or 0.004^8 
per deg. cent, from and at 0 deg. cent. This value holds for average com¬ 
mercial annealed copper. If the copper wire is hard-drawn, or if the con- 
ductivity is known, a different value of temperature coefficient should 
be taken, according to the explanation and discussion of the temperature 

coefficient in Appendix E. . . ... , -. ... + , 

The temperature rise may be determined either (1) by dividing the 
per cent increase of initial resistance by the temperature coefficient for the 
initial temperature expressed in per cent; or (2) by multiplying the in¬ 
crease in per cent of the initial resistance by T plus the initial temperature 
in degrees cent., and then dividing the product by 100.. (_ T is the in¬ 
ferred absolute zero temperature of resistance and is given in the last 
column of the table in Appendix E. For average commercial annealed 
o er it is *^33 8) 

266 C °3 P Comparison of Methods. In electrical conductors, the rise of tem¬ 
perature should be determined by their increase of resistance where prac¬ 
ticable. Temperature elevations measured m this way are usually in ex¬ 
cess of temperature elevations measured by thermometers. In very low 
resistance circuits, thermometer measurements are frequently more reli¬ 
able than measurements by the resistance method. Where a thermometer 
applied to a coil or winding, indicates a higher temperature. elevat on 
than that shown by resistance measurement, the thermometer indication 
should be accepted. 

( B ) Normal Conditions for Tests. 

267 1. Duration of Tests. The temperature should be measured after a 

run of sufficient duration for the apparatus to reach a practically constant 
temperature. This is usually from 6 to 18 hours, according to the size a 
construction of the apparatus. It is permissible, how . e J"' .*° and 

time of the test by running a lesser time on an °yerload m current and 
voltage, then reducing the load to normal, and maintaining it thus until 

the temperature has become constant. ,, , f 

268 2. Room Temperature. The rise of temperature should be referred to 
the standard condition of a room temperature of 25 eg. ce . 

269 Temperature Correction. If the room temperature during the tes 
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J mrwtion on account of difference in resistance 

d i ffe ^K° m oL d bv changing the observed rise of temperature by one-half 
should be made b 7"L ceiftigrade. Thus with a room temperature of 3o 
per cent f° r ® acb d '^ ed jf S g of temperature has to be decreased by 5 per 
deg. cent., the observed r . | 0 f 15 de g. cent., the observed rise of 

cent, and with ^^^^“asJd by 5 per cent. In certain cases, such 

temperature has to be mcreasea y p current strength will be 

„ shunt-field me** u-tho^ ' ""Sture The hent-pteSluction end 

room temperature. Ventilation. A barometric pressure of 

ro 3. Barometric Pressv^. ve^ ventilation should be considered as 
760 mm. and normal condi , t „+ should neither be exposed to draught 

standard, and the apparatus under test should me ^ pressure 

nor enclosed, except where* 2 ^hen differing greatly from 760 mm. 
needs to be con * ld ®^®f T ° Correction. Villen the barometric pressure 

71 Barometric Pressure Corre ° e q{ 760 mm . of mer cury, as at 

differs greatly from fifoliTd^e applied. In the absence of more nearly 

high altitudes, a corre ® b ^ h f one pe ?cent of the observed rise in tempera- 
accurate data, a correction f rom P the 760-mm. standard is recommended. 

perature is to b. reduced by ISS-Jl? - Spur cent. 

rm limiting temperature rise . 

permanent 'deterioration of its end£d tifaf the following maximum 

273 Limits Recommended. I referred to a standard room temperature 
of^2? <tegreS^centig?ade, at raied load under normal conditions of ven- 
?Lhono g r cooling, fhould not be exceeded. 

(A) Machines in g =neRAL. machines, pulsating-current gen- 

274 In commutating rnac ^?^’ synchronous commutating machines and 

s?& s ssrih“";«s ?.be.»« si » ,d 

exceed the following: cent 

277 Collector rings, 65 d ®|* * mac hine, by thermometer, 40 deg. cent. 

278 Bearings and oflier par The temperature rise should not 

279 <B) Rotary Induction Apparatus. I he temp 

280 CX Electricf circuits, 50 deg. c ®? t t V e b machine dtfdeg. cent., by thermometer. 

281 Bearings and other parts o *® “^®^ s> f 5 deg . ce nt„ by thermo- 

282 In squirrel-cage or short circuit 
meter, may he allowed. 

(O Stationary Induction Apf ^*^ U o ervicf The temperature rise 

283 chSuKTxSX, 5S. STS bI “ a “ 

formers intended for ; n c i r cuit, as in the ordinary case of lighting 

at rated load, but continuously in circui the . surrounding air-tem- 

transformers, the temperature ^ resistance in electric circuits 

perature should not exceed E50 f t ^ e period corresponding to the 

“ d ’a STS er i« SS&SS&flZ «•. W tbouw »t b« .ppb.d 
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until the transformer has been in circuit for a sufficient time to attain 
the temperature elevation, due to core loss. With transformers for com¬ 
mercial lighting, the duration of the rated-load test may be taken as three 
hours, unless otherwise specified. 

285 c. Reactors, Induction- and Magneto-Regulators. Electric circuits 
by resistance and other parts by thermometer, 50 deg. cent. 

286 d. Large Apparatus. Large generators, motors, transformers, or other 
apparatus in which reliability and reserve overload capacity are important, 
are frequently specified not to rise in temperature mote than 40 deg. 
cent, under rated load and 55 deg ; cent, at rated overload. It is, how¬ 
ever, ordinarily undesirable to specify lower temperature elevations than 
40 deg. cent, at rated load, measured as above. 


(D) Rheostats. 

287 In Rheostats, Heaters and other electrothermal apparatus, no com¬ 
bustible or inflammable part or material, or portion liable to come in 
contact with such material, should rise more than 50 deg. cent, above the 
surrounding air under the service conditions for which it is designed. 

288 a. Parts of Rheostats. Parts of rheostats and similar apparatus rising 
in temperature, under the specified service conditions, more than 50 deg. 
cent., should not contain any combustible material, and should be arranged 
or installed in such a manner that neither they, nor the hot air issuing from 
them, can come in contact with combustible material. 


289 

290 

291 

292 


(£) Limits Recommended in Special Cases. 

a. Heat Resisting Insulation. With apparatus in which the insu¬ 
lating materials have special heat-resisting qualities, a higher temperature 
elevation is permissible. 

b. High Air Temperature. In apparatus intended for service , in 
places of abnormally high temperature, a lower temperature elevation 
should be specified. 


c. Apparatus Subject to Overload. In apparatus which by the 
nature of its service may be exposed to overload, or is to be used in very 
high voltage circuits, a smaller rise of temperature is desirable than m 
apparatus not liable to overloads or in low-voltage apparatus. In ap¬ 
paratus built for conditions of limited space, as railway motors, a higher 
rise of temperature must be allowed. 

d. Apparatus for Intermittent Service. In the case of apparatus 
intended for intermittent service, except railway .motors, the temperature 
elevation which is attained at the end of the period corresponding to the 
term of rated load, should not exceed the values specified for machines 
in general. In such apparatus, including railway motors, the temperature 
elevation should be measured after operation, under as. nearly as pos¬ 
sible the conditions of service for which the apparatus is intended, and 
the conditions of the test should be specified. 


H. OVERLOAD CAPACITIES. 

Performance with Overload. All apparatus should be able to carry 
the overload hereinafter specified without serious injury by heating,.spark- 
ino- mechanical weakness, etc., and with an additional temperature rise not 
exceeding 15 deg. cent., above those specified for rated loads, the overload 
being applied after the apparatus has acquired the ^^perature corre¬ 
sponding^ rated load continuous operation. Rheostats to which no 
temperature rise limits are attached are naturally exempt from this addi- 
S^temperTture rise of 15 deg. cent, under overload specified in these 

■ ^Normal Conditions. Overload guarantees should refer to normal con- 
placement is inherent in the apparatus. 
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0v™.0„ Capacities R.co,..eei>.d- The following overload oapaeU 
“t^Sr^recf-o^n, generator. 

generators, 25 per cent for two °ur~. induction motors an d synchronous 
' b. Motors. Direct-current m m0tO rs intended for intermittent 

motors, not including railway and th cent for one mmute . 

, &r 0 nr S converter S P 25 per cent for two hours, 

and rectifiers, 2o per cent for two bou is | uaran teed in which case the 
same^uaranSesthaU apply for the transformers as for the apparatus 

0 C ° e. Exciters. E**^ 0 ^*™oAh? synj 

ToZptt 

time. All exciters 0 ^. al f ™f^ t C t h ei r rated speed, sufficient voltage and 
erators, should be able to give rate d ed t0 the full-load ter- 

* >mov.it-»po~ »* "*» 50 <■" 

,1 rSSi-fwtt Sy.S “«ho™“Tnw“o. a »i 

regulating rheostat, should b P than th ^ t at which it is rated. It 

hours, a current 25 per cent great tia minute a current 50 per cent 
should also be capable of caring f°^ one mm This excess of ?a . 

greater than its rated loa f ’ses only, and this margin of capacity 

pacity is intended for testing. p P , ti / 0 { t he rheostat, 
should not be relied u P°”_^ r g® m 0 tor-starting Rheostat is used for 
02 g. An Intermittent S ^ VI ^ d 0R a S ra ting it to rated speed. Under 
starting a motor from rest^ ana a , exoressly' stated otherwise, a 
ordinary conditions of S eco nds and whh 150 per cent of rated 

motor is assumed to start in nttee conas ble Q f starting the 

current strength. A. ®°? or -startersb m for one hour. 

motor under these conditions once e y w starting the motor 

,03 (a) This Test may be carried out eitner ^ s ormal tem . 

at four-minute intervals, or y P g for w hich it is marked, and 

perature across the maxim d g radually f rom the first to the 

moving the lever uniform y fif | een sec onds, the current being 
last position during a perio said 50 pe r cent excess, by 

maintained su bstantially . ta b t her suitable means, 
introducing resistance in‘ serie Tnte J m ° ttent _Service are employed 

304 underthat no general rules are 

applicable to them. 

III. VOLTAGES AND FREQUENCIES. 

A. VOLTAGES. 

S °\to D "tt??o™S.^ 

recommended: 600 volts- ; ' 

125 volts. . j direct current low-voltage circuits, the 

306 follo^ug < temfinal^voltages^.re in general use^and v ^® s ^ ecommended: 

Indternating-current Tow-voltage circuits, the following terminal volt- 
■ ageS no vo g lts. eral USe and 220 e volt°s mmen 440 volts. 550 volts. 
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Primary Distribution Circuits. In alternating-current, constant- 
potential, primary-distribution circuits, an-average voltage of 2,200 volts, 
with step-down transformer ratios 1/10 and 1/20, is in general use, and is 
recommended. 

Transmission Circuits. In alternating-current constant-potential 
transmission circuits, the following impressed voltages are recommended. 

6*600 TtOOO 22,000 33,000 44,000 66,000 8S,000 110,000 

1 Transformer R vrio. It is recommended that the standard transformer 
ratios should be such as to transform between the standard voltages above 
named. The ratio will, therefore, usually be an exact multiple of o or 
10, e.g., 2,200 to 11,000; 2,200 to 44,000. 

) Range in Voltage. In alternating-current generators, or generating 
systems a range of terminal voltage should be provided from rated voltage 
at no load to 10 per cent in excess thereof, to cover drop m transmission. 

If a greater range than ten per cent is specked, the generator should be 
considered as special. 

B. FREQUENCIES. 

L In Alternating-Current Circuits, the following frequencies are, 

standard: ar . 

25 cycles 60 cycles 

2 These frequencies are already in extensive use and it is deemed ad¬ 
visable to adhere to them as closely as possible. . 

IV. GENERAL RECOMMENDATIONS. 

3 Name Plates. All electrical apparatus should be provided with a name 

nlate oiviria the manufacturers’ name, the voltage and the current 
amperes forwhich it is designed. Where practicable, the kilowatt capacity, 
character of current, speed, frequency, type, designation and serial num¬ 
ber should be added. . :■ 

4. Diagrams of Connections. All electrical apparatus when leaving the 
factory should be accompanied by a diagram showing the electrical co 
nections and the relation of the different parts in sufficient detail to Q ive 
the necessary information for proper installation. 

B Rheostat Data. Every rheostat should be clearly and permanently 
marked wfth the voltage Ind amperes, or range of amperes, for which 

16 * Colored 6 Indicating Lights. When using colored indicating lights 

17 "JSSSkts* sr? a? 

£ ™e7“.c»™t rf ttavKJ* £m 1«7 to acci- 

21 a. A Circuit-Breaker is an apparatus tor breaking 

M “f f S»S»V t s”S. b l S, Sppl?“u.“ eignod to open . circuit 

33 °1 y ' >r “i°oLd c L r ; 

maximum Current which it may be called upon to carry. 
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V. APPENDICES AND TABULAR DATA. 

appendix a. notation. 


The following notation is recommended: 


Name of Quantity 

Voltage, e.m.f., potential difference 

Current 

Resistance 

Reactance 

Impedance 

Admittance 

Conductance 

Susceptance 

Power 

Capacity 

Inductance 

Magnetic flux < 

Magnetic density 
Magnetic force 
Length 
Mass 

Time . . 


Symbol 

E, e, 

1 , i, 

Ry ty 
X , -V, 

2. Zy 

Yy y> 

Gy J?, 

By by 
py 

Cy Cy 

Lh Ly 

db 

//, . 
Ly ly 

My niy 

Ty ty 


Unit 

volt 

ampere 

ohm 


watt 
farad 
hen ry 
maxwell 
gauss 

gilbert per cm. 
cm. or inch 
grn. or lb, 
second or hour 


eTX and B,n should preferably be used for maximum .« y vAhi^S 
e, i and p for instantaneous values. * ; 1 ' ’^ or These distine- 

Sec. 5g.) and P for the average vah r ul , Continuous-current circuits. 

appendix b.—railway motors. 

(I) RA TING. 

i™»CTO,v Not. oh X r ™u.° 

s ..rsx zsfsz&xrsi 

case of stationary motors which run at constant, speeds. 

; Scope of Nominal Rating. It is common usage ^ R‘ v r \™ lwa L Sve 

E£iXs^%g2ei 

subsequent heading. ... . . . 

r The Nominal Rating of a railway motor is the horse-power ^itput at 
1 the car aX that is, including gear and other. tmnsm.ssm k«ses whud 
gives a rise of temperature above the surrounding uu i-' tu t tU 
temnerature of 25 deg. cent.) not exceeding 90 deg. u nt. at vae 
commutator and 75 deg. cent, at any other part after one lu>uris con¬ 
tinuous run at its rated voltage (and frequency, m the ease of an alter- 

natinv-current motor) on a stand, with the motor-covers removed, and 
wttif natural vStilation. The rise in temperature is to ^ *‘£r^ 
by thermometer, but the resistance of no electrical circuit in the moto 
Shall increase more than 40 per cent during the test. 
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(II) SELECTION OF MOTOR FOR SPECIFIED SERVICE. 

General Requirements. The suitability of a railway motor for a 
specified service depends upon the following considerations: 

a. Mechanical ability to develop the requisite torque and speeds as 
given by its speed-torque curve. 

b. Ability to commutate successfully the current demanded. 

c . Ability to operate in service without occasioning, a temperature rise 
in any part which will endanger the life of the insulation. 

I Operating Conditions, Typical Run. The operating conditions which 
are important in the selection of a motor include the weight of load, the 
schedule speed, the distance between stops, the duration of stops, the rate 
of acceleration and of braking retardation, the grades and the curves, 
with these data at hand, the outputs which are required of the motor may 
be determined, provided the service requirements are within the limits of 
the speed-torque curve of the motor. These outputs may be expressed 
in the form of curves giving the instantaneous values of current and of 
voltage which must be applied to the motor. Such curves may be laid 
out for the entire line, but they are usually constructed only for a certain 
average or typical run, which is fairly representative, of the conditions of 
service. To determine whether the motor has sufficient capacity to per¬ 
form the service safely, further tests or investigations must be made. 

3 Capacity Test of Railway Motor in Service. The capacity of a 
railway motor to deliver the necessary output may be determined by 
measurement of its temperature after it has reached a maximum m ser¬ 
vice. If a running test cannot be made, under the actual conditions of 
service, an equivalent test may be made in a typical run back and forth, 
under such conditions of schedule speed, length of run, rate of acceleration, 
etc., that the test cycle of motor losses and conditions of ventilation are 
essentially the same as would be obtained in the specified service. 

14 Methods of Comparing Motor Capacity with Service Require¬ 
ments. Where it is not convenient to test motors under actual service 
conditions or in an equivalent typical run, recourse may be bad to one of the 
two following methods of determining temperature rise now m general 

15 1 Method by Losses and Thermal Capacity Curves. The heat de- 
velooed in a railway motor is carried partly by conduction through the 
several parts and partly by convectionthrough the air to th^ 

wlipnrp it is distributed to the outside air. As the temperature oi tne 
several Darts is thus dependent not only upon their own internal losses 
but also upon the temperature of neighboring parts, it becomes necessary 
determine accuratelv the actual value and distribution of losses m a 
milwav motor for a giVen service and reproduce them in an equivalent 
, ^ 'T'Via rpcnlt^ of a series of typical runs expressed m the form of 

met with in the commercial application of a given motor. . . 

36 

conditions of ventilation. , , m h rarefullv 

137 in the arfflature: 

p R in the brush contacts, core loss and brush tnction. 

138 of such 
iTToc +-hpv are generally neglected m making calculations. . 
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motor windings and in the core. The mean service conditions may be 
expressed in terms of the current which would produce the same losses 
in the motor windings and the voltage which, with_ that current, would 
produce the same core losses as the average in service. The continuous 
capacity of the motor is given in terms of the amperes which it will carry 
when run on a testing stand—with covers on or off, as specified at dif¬ 
ferent voltages, say, 40, 60, 80 and 100 per cent of the rated voltage— 
with a temperature rise not exceeding 90 deg. cent at the commutator ana 
75 deg. cent at anv other part, provided the resistance of no electric circuit 
in the motor increases more than 40 per cent. A comparison of the cova¬ 
lent service conditions with the continuous capacity of the motor will de¬ 
termine whether the service requirements are within the safe capacity ot 


the motor. _ 

340 This method affords a ready means of determining whether a specified 
service is within the capacity of a given motor and it is also a convemen 
approximate method for comparing the service capacities of different 
motors. 


APPENDIX C. PHOTOMETRY AND LAMPS. 

341 Candle-Power. The luminous intensity of sources of light is expressed 

in candle-power. The unit of candle-power is the international candle 

maintained by the Bureau of Standards at Washington, D. C. ihe 
Hefner unit is 0.90 of the international candle. 

342 Lumen. The total flux of light from a source is equal to its mean spherical 
intensity multiplied by 4 7r. The unit of flux is called the lumen. A 

lumen is the A th part of the total 6ux of light emitted by a source 
4 7r 

having a mean spherical intensity of one candle-power. 

344 Illumination. The fundamental physical unit of illumination is the 
centimeter-candle, or lumen per square centimeter of m cident n ^ess 
This is a very intense illumination. It is, therefore, convenient to e . x P res * 
illumination practically in thousandths of the fundamental.unit, i.e., n 
millilumens per sq. cm. In English-speaking countries, the unit of il¬ 
lumination commonly employed is the foot-candle or lumen per squar 
foot. A foot-candle is nearly the same illumination as a milhlumen per 
sq. cm. and is actually the more intense m the ratio i. 0 764; so that ^foot- 
candles = 1.0764 X n millilumens per sq. cm. A meter candle or lumen per 
square meter, is called a “ lux ”. A foot-candle is 10.7b4 lux, and a milli- 
lumen per sq. cm. is exactly 10 lux. 

346 The Efficiency of Electric Lamps is properly stated in terms of 
lumens per watt at lamp terminals. This use of the term efficiency is 
be considered as special, and not to be confused with the generally ac- 

*' cepted definition of efficiency in Sec. 84. 

347 a Efficiency, Auxiliary Devices. In illuminants requiring auxiliary 
3 poter-consuming devices outside of the luminous body, such as steading 

resistances in constant potential arc lamps, a distinction should be made 
between the net efficiency and the gross efficiency of the lamp, lms 
distinction should always be stated. The gross efficiency!effidencv 
the power consumed in the auxiliary resistance, etc 

should, however, include the power consumed m the controlling mech 
an?sm of the lamp itself. Comparison between such sources of light 
should be made on the basis _ of gross efficiency, since the power con- 
sumed in the auxiliary device is essential to the operation. 

348 A Standard Circuit Voltage of 110 volts, or a multiple thereof may 
be assumed, except where expressly stated otherwise. 

349 Watts per Candle. The specific consumption of an eiectnc lam]p is 
its watt consumption per mean spherical candle-power. . Watts per 
candle ” is the term used commercially in connection with incandescent 
lamps, and denotes, watts per mean horizontal candle-power. 
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350 Photometric Tests in which the results are stated in candle-power 
should be made at such a distance from the source of light that the latter 
may be regarded as practically a point. Where tests are made at shorter 
distances, as for example in the measurement of lamps with reflectors, the 
results should always be given as “ apparent candle-power ” at the distance 
employed, which distance should always be specifically stated. 

351 Basis for Comparison. Either the total flux of light in lumens, or the' 
mean spherical candle-power, should always be used as the basis for com¬ 
paring various luminous sources with each other, unless there is a clear 
understanding or statement to the contrary. 

352 Incandescent Lamps, Rating. It is customary to rate incandescent 
lamps on the basis of their mean horizontal candle-power; but in com¬ 
paring incandescent lamps in which the relative distribution of luminous 
intensity differs, the comparison should be based on their total flux of 
light measured in lumens, or on their mean spherical candle-power. 

352a Life Tests. Similar filaments may be assumed to operate at the same 
temperature only when their lumens per w ? att consumed are the same. 
Life tests are comparable only when conducted under similar conditions 
as to filament temperatures.. 

353 The Spherical Reduction-Factor of a lamp 


_ mean spherical candle-power 
~ mean horizontal candle-power 

354 The Total Flux of light in lumens emitted by a lamp =4 7TX mean 
horizontal candle-power Xspherical reduction-factor. 

355 The Spherical Reduction-Factor should only be used when properly 
determined for the particular type and characteristics of each lamp. 
The spherical reduction-factor permits of substantially accurate com¬ 
parisons being made between the total lumens, or mean spherical candle- 
powers of different types of incandescent lamps, and may be used m 
the absence of proper facilities for direct measurement of the total lu¬ 
mens, or mean spherical candle-power. 

356 “ Reading Distance.” Where standard photometric measurements 
are impracticable, approximate measurements of illuminants such as 
street lamps may be made by comparing their reading distances t.e 
by determining alternately the distances at which an ordinary size or 
reading print can just be read, by the same person or persons when all 
other light is screened. The angle below the horizontal at which the meas¬ 
urement is made should be specified when it exceeds lo degrees 
distance methods usually involve the comparison of very faint illuminations 
and hence the results may be seriously affected by the Purmnie effect. . 

367 In Comparing Different Luminous Sources not only should their 
candle-power be compared, but also /their relative form, brightness, dis¬ 
tribution of illumination and character of light. 

367a The following symbols are recommended in connection with photometry: 


Photometric magnitude 

Intensity of light. 
Luminous flux. 
Illumination. 

. Specific radiation. 
Brightness. 
Quantity. 

Lighting. 


Symbol Unit 

- I International candle. 

F Lumen. 

E Lumen/cm. 2 , foot-candle. 

R Foot-candle. 

b Candle/cm. 2 

Q Candle. 

L Lumen-second, lumen-hour. 


APPENDIX D. SPARKING DISTANCES. 

318 ,r«; s & 

S'intimeter., The table applie. to the ccmd.tton, mac,fled m Sac. 
240-246. 



standardization rules of tiie a.i.e.e. 


W Inches 

R - M = S - . 0.225 

10 0.47 

in' ... 0.725 

20.. 1.0 

40 2.4o 

45 ' 2.95 

5 :::. j.« 

.:::: t:tl 

5 

iOo'"". . 96 

no . 10.75 

120 " ....11.85 

lln ........ 12.90 


Kilovolts 

R.M.S. 

i /in .... 

Inches 

.13.95 

Cm. 

35.4 

i ecn .... 

.15.0 

38.1 


.16.05 

40.7 

17D . 

.17.10 

43.4 

i «n . 

.18.15 

46.1 


.19.20 

48.8 

onn .... 

.20.25 

51.4 

o i n .... 

.21.30 

54.1 

oon .... 

.22.35 

56.8 

oon . 

.23.40 

59.4 

o/tn . 

.24.45 

62.1 

O r.n . 

.25.50 

64.7 

260. 

070 . . . 

_26.50 

.27.50 

67.3 

69.8 

O&O .... 

.28.50 

72.4 

OQH . 

,. . .29.50 

74.9 

300. 

.30.50 

77.4 


. * t rr* t? /'nppp t(' r pMT OF C0PPEH. 
APPENDIX.E. TEMPER ' ' isu uf temperature au,l the 

*• 

Ii t =R, l (!+«», ^ 

where R t is the resistance at W 

sistance at any “ ' mtml * n ‘,TO ‘‘ nil . un . -oefficient from and at the initial 
t, deg. cent.; and« (| » the tempea u. ^ c(HS „ idtmt is dif- 

tomnerature <1 deg. cent. Obviously tl , 1, is V(ir iatiun is shown in 
ferontfc* different FwU*™"?. 11 'V' 1 .-Sii’iSS 

*-- u “ ” 1 '" J 

eolumns of'the table below. 

1MMHrt - NTS OF COFl’ItK KUR mFPKKIONT INITIAL 

«»™-** 

; - r 

Ohms per Pw j •* Inferred 

meter- cent 5 absolute 

gram c° n * i /V /v (X ni " 

at 20 tlue. y ! « fVju I «M "» Wl 

dc«. cent tivity “n j i . . .— 


' «• «. .- —* . “ 

:z » » .• 

0 16614 OS 0.004IS 0.00304 j <M8,3S„ “ 

» , ff( , 07 0,00423 0.003UH 0.00300 0.W13S3 0 <»«?•* U,M 

!. u 0 00428 0 00402 038,304 0 «»• " ^ 

tSt un 0 ', 00432 0.004,8, 0.00308 . ... 038,36., 
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The quantity (- T) given in the last column of the above table is the 
calculated temperature on the centigrade scale at which copper of the par¬ 
ticular conductivity concerned would have zero electrical resistance 
provided the temperature coefficient between 0 deg. cent and 100 deg. cent, 
applied continuously down to the absolute zero. The usefulness of this 
“ inferred absolute zero temperature of resistance m calculating tem¬ 
perature rise is evident from the following formula. 


t —1\ — 


Rt-Rt 


Rt , 


{T+t i) 


The presentation of the above table is intended to emphasize the de¬ 
sirability of determining the temperature coefficient rather than assuming 
it Actual experimental determination is facilitated by the proportional 
relation between the temperature coefficient and the conductivity; a mea¬ 
surement of either quantity gives both. However, if a temperature coeffi¬ 
cient must be assumed, the best value to take for average commercial 
annealed copper wire is that given in the table for 100 per cent conductivity, 
viz., 


a 0 = 0.00428, a 20 = 0.00394, a 26 = 0.00386 

This is the value recommended for wire wound on instruments and ma¬ 
chines, since they are generally wound with annealed wire and experi¬ 
ments have shown that the distortions due to the winding of the wire do 
not appreciably affect the temperature coefficient. . 

If a value must be assumed for hard-drawn copper wire, the value re 
commended is that given in the table for 97.3 per cent conductivity, viz., 

cto =0.00415, Oho = 0.00383, Ohs =0.00376 

The temperature coefficients in fahrenheit degrees are given by dividing 
anv a above by 1.8. Thus, the 20 deg. cent, or 68 deg. fahr. temperature 
coefficient for copper of 100 per cent conductivity is 0.00394 per deg. 
cent., or 0.00219 per deg. fahr. 

APPENDIX F. HORSEPOWER. 

361 In view of the fact that a horsepower defined as_550 foot-pounds per 
second represents a power which varies slightly with the latitude and 
altitude (from 743.3 to 747.6 watts) and also in view of the fact that dit 
ferent authorities differ as to the precise value of the h° rse P owe £ ^ 1 
the Standards Committee has adopted 746 watts as the ^ 

The number of foot-pounds per second to be taken as one horsepower is 
therefore such a value at any given place as is equivalent to,746i watts the 
number varies from 552 to 549 foot-pounds per s «= on d-he^g 65 0 at 50 deg. 
latitude (London), and 550.5 at Washington. , T h e Standards Committee 
however, recommends that the kilowatt instead of the horsepower be used 
generally as the unit of power. 
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The following appendix, G, covers the principal official actions of the 
Turin Congress in 1911. 

APPENDIX G — INTERNATIONAL AGREEMENTS OF THE I.E.C. 

The following is a brief resume of the official actions of the Interna¬ 
tional Electrotechnical Commission at Turin in 1911. 

(a) INTERNA TIONA L S YMBOLS 

1. Instantaneous values of electrical quantities which vary with the 
time are to be represented by small letters. 

2. Virtual or constant values of electrical quantities to be represented 
by capital letters. 

3. Maximum values of periodic electrical quantities to be represented 
by capital letters followed by the subscript “ m ” 

4. Magnetic quantities, whether constant or variable, to be represented 
by capital letters of either script, gothic, heavy-faced, or of any special 
type. 

5. Maximum values of magnetic quantities to be represented by 
capital letters of either script, gothic, heavy-faced, or of any special type, 
followed by the subscript “ m 

6. The following quantities to be represented by the lollowmg letters: 


Electromotive force 
Electric quantity 
Self-inductance* 
Magnetic force 
Magnetic flux density 
Length 
Mass 
Time 


£, e 

' X, L ) 

3C, H ’ 1-1 
OB, B j 

L, l 

M, m 

r, t 

7. The letters /, E, and R were definitely adopted to represent, respec¬ 
tively, the current, the electromotive force, and the resistance, m the 
simple algebraical expression of Ohm’s law. 

8 In all questions relative to alternating currents, the expression 
“ Reactive Power ” is adopted to designate the quantity LI sin 9. 

(6) DIAGRAMS for alternating currents 

In the graphical representation of alternating electric and magnetic 
quantities advance in phase shall be represented m the counter-clockwise 

direction. ... „ , . . 

Note. The imp_edance of a reactive coil, of resistance R, and induct¬ 
ance L , is R + V-1L&>, and that of a condenser of capacity C, is 

_ 1 where w is equal to 2 n X frequency. 

V-l C oj 

It follows also that the diagram herewith represents the 
phase relations in a simple alternating-current circuit 
containing an impressed electromotive force 0 

lagging current 0 1 . . , r .~ 

(c) RATINGS OF ELECTRICAL MACHINERY AND APPARATL 
( The propositions of the Brussels conference in regard to rating were 

""hPTheVdput TiSc^enbatorris defined as the electric power 

"T 1 The ou'tput'Terectric motors is defined as the mechanical power 

a i: la B b o e th at the elfctric and mechanical powers to be expressed in inter- 
national watts. ________*... 

*Coefficient of self-induction. 
fAs examples only. 
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Appendices H ,»d I give »»£»» 

machinery, and particularly of International Electrotechnical Com- 

missiom'^Seef Publf^atioif No^V,^" Ratin^of* Electrical Machinery,” of 
the I. E. C. August, 1911. 

appendix H.-RATING of electrical machinery 

xt Sowing are the comparative ni.es « of*™* current 
generators and m °t°rs a s < comp _ _ . f ruin the National Rules of 
International Electrotechnical ,pj u , st , comparative rules have been 

six countries as in force in 191 • • , J or( j ttr 0 f the Board of Directors 

appended to the Standardization x b ],; nK j n cers, in order to present the 
of the American Institute of ‘ ’ ruU% in 1911, among 

extent of agreement or diversity exist g » i 

the leading electrical engineering societies 

ii'se an, £ - 

4 'Germany f SLl ^ ««.J 

machines and transformers issued by the Vuh.tna ihuim 

£w»k -« Mr** * .;: r " s 

"‘SSL Drum. StiuidiirdiKiitiim 

of Electrical Engineers as contained m its 1 .. ). 

ANALYSIS OF THE RULES 
pa WER 

Method of Expressing the Power of Electrical .Machines 

Bl Generators . Kw. at the machine terminals. , 

Motors. Mechanical horse* powet at tin Mian tn> M. nl * I 


Generators. Kw. at tin* machine terminals. . 

Motors. Mechanical horse* powet at tin Mian lo M. ut. \ 

France. , . . . . 

Generators. Kw. at the machine leimm»*I■*. 

Motors. Ivw. or horse power at the shaft Uo Kg m. p» t .»« 

Germany. 

Generators. Kw. w 

Motors. Horse power (/;> kg-in. pei su . * *a> u 

Great Britain. 

Generators. Kw. u , . 

Motors. B.h.p. (1 Brake horsepower *-Ut VV.), 

Sweden. 

Generators. Kw. 

Motors. Horse power (75 kg*m, per see.). 

United States. . 

Generators. Kw. at the machine terminals. 

Motors. B.h.p. (745 W.) Preferably m kilowatts. „ 

Notes.—Belgium. Motors usually have thfir i»«»wor mmoiuM *e» * w *{“ 

consequent confusion as to which is iiltcnilcil; the LuilUffh It.h.p. ** >"« 

“ ch VSST"Th<K.riSJSTC &hh ifcr IWt nt m<> k* m. ,-r 
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RA TING 

Belgium. 

(1) Intermittent service. In which the periods of work and rest alter¬ 
nate in minutes. 

(2) Momentary service. In -which periods of work of sufficiently short 

duration for a stationary temperature not to be reached are followed by 
periods of rest long enough for the temperature to fall to approximately 
that of the surrounding air. . 

(3) Continuous service. In which the periods of work are sufficiently 
prolonged to lead to the establishment of stationary conditions of tem¬ 
perature. 

France. 

(1) Continuous service. 

(2) Variable service. 

(3) Intermittent service. (Overhead traveler, crane, lift.) 

Germany. 

(1) Intermittent service. In which the periods of work and rest alter¬ 

nate in minutes. (Motors for cranes, lifts, tramways, and similar ap¬ 
paratus.) . 

(2) Short period service. In which the periods of work are not suffi¬ 

ciently long for the final (rated) temperature to be reached, whilst the 
periods of rest are long enough for the temperature to fall to approxi¬ 
mately that of the surrounding air. ■ 

(3) Continuous service. In which the periods of work are sufficiently 
long for the final temperature (rated) to be attained. 

Great Britain. 

(1) Continuous working. The output of generators and motors for 
continuous working shall be the output at which they can work con¬ 
tinuously for six hours and conform to the prescribed tests, and this out¬ 
put shall be defined as the Rated Load. 

(2) Intermittent working. The output of motors for intermittent 
working shall be the output at which they can work for one hour and 
conform to the prescribed tests, and this output shall be defined as the 
Rated Intermittent Load. 

Sweden. 

(1) Continuous service. In which the temperature reaches stationary 

conditions. ■ . 

(2) Intermittent service. In which the working periods do not exceed, 
one hour or alternate with intervals of rest of a similar length. 

United States. 

(1) Continuous rating. In which, under load, there is the attainment 
of approximately stationary temperature. 

(2) Intermittent rating. In which one minute periods of load and rest 

alternate until the attainment of approximately stationary conditions 
of temperature. . £ 

(3) Minute rating. In which, under load for one minute, no limit ot 
capacity is exceeded, and no permanent change is wrought in the apparatus 

(4) Variable service rating. Not yet defined. 

Notes. — France. The Association Alsacienne does not recognize “variable service. 

Great Britain. The reason for the “ six hours ” in the explanation of continuous 
working ” is due to the fact that the Committee considered standardization should not go 
beyond 1,000 kw., above that capacity being considered as special. One of the aims of 
standardization being to assist the manufacturer to carry stock, it would scarcely pay to 
do so above 1,000 kw. ... , . r . 

“ Continuous working “ does not include machines running from week-end to week-end 
without a stop. The one-hour test under “ Intermittent ” is likely to be revised. 

Sweden. The rated output under continuous service is denned as that output which 
can be obtained continuously for an unlimited period without the_ temperature limits 
specified being exceeded. The rated output under intermittent service is that output which 
can be obtained continuously for an hour without the temperature limits specified being 
exceeded. 
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NA ME-PLA TES 

Information to be Stated on the Name-plates 

CU ^RAKCE. d Thepo^er fo ? r which the^machinejia^been “^terminals; 
formotor^in Sfowatts, or horle^wer of 75 kg-m. per second, available 
at the shaft. _ stated: For continuous working, the 

rafefvXe* o“ thTspeed m 

Mechanical power to be 1 -Sich the power is stamped, or a special 

s <■»■»■*»»' "™ lu,,on ‘' 

'‘TrSS-plJ . 1 o™ indicaM the rattan " Int.rmitt.rt," or 

a Tjvhours * * or 11 Continuous. 

great' Unless otherwise stated the output , to be con¬ 

sidered to apply to continuous working. In the case or 

rating the word “ Intermittent « to be add d. Kw „ volts, 

The name-plate shall als. 0 4 g h volts, amperes, rev. per 

ampere B\ re 0 V h P n?erm U e nbj! voTts amperes, P rev. per min. 
m S™: P UnlessOtherwise stated, the output shall be considered as 

aP The n valu e s°sta?ed >1 on'the^n2ne-plate shall be in conformity with the 
rules, except it bear the indication ‘ *len'erators: the kilowatts, 

the mechanical power, 

th N.' hot ’ a tolerance of ± 7% shall 
be ThT e service, adding the words: “For continuous service.” “For 
^FofvanhbleTervic’e, the respective limits shall be given. 

ES, t—ttl the type, the 

character 5 of current, designation and serial number. 

COMMUTATION 

Belgium. Under all conditions o£ 

XXTmore.thSi a onc n e e a day, with ?he brushes remaining in the most 
favorable position. 

FR S des Syndicate de-V Electtricit ^f^dfeed 

r w n o S r°kL a g P Lf S2 ^’ioTofTe tst 

brushes'hlve^been adjusted 

■? ir “ ” io * a to r,,,a 
load, even with sudden changes of current. 
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Under continuous working, and at any load within the prescribed 
limits, the working of the commutator shall be such as to require atten¬ 
tion (cleaning or lubricating) only at intervals of twelve hours. This 
condition also applies to collector rings. 

Germany. Under all conditions of load from one quarter up to the 
rated load, and without alteration of the position of the brushes, the 
sparking produced must be so negligible as to permit the machine to work 
for at least 24 hours without the commutator requiring attention. The 
brushes to be ground in in the most favorable position. 

Great Britain. - 

Sweden. Unless otherwise specified, the commutation is to be with¬ 
out appreciable sparking from no load to 10 per cent overload, and with¬ 
out the position of the brushes being altered. 

In the case of machines for variable working, the position of the brushes 
may be altered. The working position of the brushes is to be indicated. 

United States. The machine must carry the specified overload 
without injurious sparking or mechanical weakness. 

OVERLOAD 

The percentages given below imply an overload in excess of the rated 
load marked on the name-plate. 

Belgium. For continuous service. 20 per cent of the rated load for 
a period equal to one-fifth of the duration of the heating test, with a 
maximum of one hour. 

For intermittent service. 20 per cent of the rated load for one-fifth 
of an hour. 

For momentary service. 20 per cent of the rated load for a period 
equal to one-fifth of the time marked on the name-plate. 40 per cent of 
the rated load for 3 minutes. 

France. The test to be applied at the close of the rated load test. 

All machines must be capable of withstanding, without deterioration 
or appreciable sparking: 20 per cent of the rated load for one-tenth of 
the duration of the test for continuous working; 30 per cent of the rated 
load for 5 minutes. 

Motors for intermittent service: 25 per cent of the rated load for 15 
minutes; 30 per cent of the rated load for 5 minutes. 

Germany. For generators and motors: 25 per cent of the rated 
load for half an hour. 

For motors (constant potential): 40 per cent of the rated load for 3 

minutes. 

Great Britain, (see Heating at Conclusion of Overload Test ) 

Sweden. 25 per cent in excess of the rated current without injurious 
sparking. Adjustment of brushes permitted. 

United States. For generators: 25 per cent of the rated load for 2 
hours. 

For motors (continuous working): 25 per cent of the rated load for 
2 hours; 50 per cent of the rated load for 1 minute. 

Notes.—Belgium. The machine must be capable of sustaining the overload during 
the specified period without adjustment of the brushes. The overload test can be carried 
out at the close of the rated load test, in which case the rise in temperature must not exceed 
the limits prescribed for the rated load by more than 10 deg. cent. 

France. The Association Alsacienne also specifies: 

For motors intended to work for prolonged periods, an overload test of 40 per cent for 
three minutes. 

All motors must be capable of withstanding an increase of 30 per cent in the rated speed 
for a period of five minutes. 

Germans. The overload test is to be applied without reference to the temperature 
rise, and it must be commenced with the machine at such a temperature as to prevent the 
prescribed limits being exceeded. 

At constant angular speed, generators must be capable of maintaining constant pressure 
with an overload of 15 percent. 
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VARIATION OF PRESSURE AND SPEED 

adjusted in the working position. _ onn „ tant pressure 

3^^.?SS3^ »t e to f afd including 1.15 times the rated load 
current. SO eed variation is defined as the difference m angular 

speed^t ratedToad £nd W no load at normal working pressure, and with¬ 
out alteration of field rheostats adjusted‘for the rated load. 

SE? ^thTcJ^Separately edited oSm 

rated load to no load, with constant pressure at the termini . 

Germany. At constant rated load speed and excitation the pressure 

conditions are to be governed according to the rating. 

pconstant rated load speed and excitation, the ratio of 
the Tncrease in preTsurTat rated load a'nd the pressure at no load, shall 

he ta -ken: obsery . the values of the pressure at no load and at rated load. 

2) By observini the values of the pressure with increasing values of 
the field current, both with no load on the armature and with the rated 
load current in the armature. Tolerance allowed ± 2 per cent. 

U Gl«°ratori rE Ratio of maximum variation of terminal P^sure tom 
the normal (occurring between rated load and no ) 

1Utld Motors. 6 ' Ratio of maximum variations in speed from the normal 
(occurring between rated load and no load) to the rated load speed. 

HEA TING 

General Nates 

Belgium The test is to be carried out as nearly as possible tnider 
ordinary working conditions. An overload may be applied at the com¬ 
mencement of the test in order to attain more rapidly the final conditions 

'Hie^maximum temperature is to be compatible with the insulation 
employed. Special precautions are to be taken when employing ther¬ 
mometers. Unless otherwise specified, apparatus for variable speed and 
pressure shall be tested under the most severe conditions. 

France. The maximum temperature is to be compatible with the 

insulation employed. .... e * 

Germany. The tests are to be carried out under the conditions of 
service specified. Any ventilation which would naturally be produced 
under ordinary working conditions and which was provided for m tl 
design may 1 ^^imitated during the test. If a thermometer is employed, 
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it is recommended that the bulb be covered with tinfoil and every pre¬ 
caution taken to prevent loss of heat. 

Great Britain. The temperature allowed depends on the character 
of the insulation. 

The temperature limits specified do not cover cases in which cotton, 
paper, and its preparations, linen, or similar materials are used solely 
as vehicles for insulation varnishes, or enamels, capable of continuously 
resisting temperatures above 125 deg. cent. Machines in which such 
materials are employed are dealt with separately. 

A much higher temperature rise than that specified on page 44, 
may be permitted in machines in which the insulation is secured by means 
of special materials designed to resist high temperatures, but the amount 
of permissible temperature rise must depend on the properties of the 
insulating materials and the method of construction and must be settled 
specially for each class of machine. 

Sweden. The test is to be carried out as nearly as possible under 
ordinary working conditions. 

United States. The temperature allowed must not be such as to 
be detrimental to the insulation under ordinary working conditions. 

An overload may be applied to shorten the duration of the test. 

Methods 

Belgium. By increase in resistance, if this method is practicable. 
Otherwise by means of thermometers. 

France. Temperatures ascertained by means of thermometers, 
placed in the hottest 1 part accessible; nevertheless, in the case of exciting 
circuits and all stationary windings, the temperature may be determined 
by increase in resistance. 

Germany. Exciting coils and stationary windings by increase in 
resistance, other parts by thermometer. 

Great Britain. Stationary windings by increase in resistance. 
Moving coils by increase in resistance, if possible, otherwise by ther¬ 
mometer or thermo-couple. Commutators, brushes, bearings by ther¬ 
mometer. 

Sweden. Windings by increase in resistance, if possible, otherwise 
by thermometer. Other parts by thermometer. 

United States. By thermometer. Conductors by rise in resistance, 
when possible. 

Duration of Test 
Belgium. 

Continuous service. A period of sufficient duration to attain a prac¬ 
tically constant temperature: ordinarily 5 hours up to 20 kilowatts, S 
hours above 20 kilowatts. 

Intermittent service. One hour. 

Momentary service. The number of hours indicated on the name-plate. 
France. 

Continuous working. A period sufficiently long to attain a practically 
constant temperature. (See Note.) 

Intermittent service. One hour. 


Note.—France. The periods are given, in a general manner, by the following table: 
_ Volts XAmperes 
Rev.per.min. 

0- 10.2 hours 300- 500.7 hours 

10-30.3 w 500- 700.8 

30-100.4 “ 700-1,000.9 

100-200.5 * 1,000-1,500.10 

Above 1,500, according to the destination of the machine. 














2578 


RATING OF ELECTRICAL MACHINERY 


Germany. 

Intermittent service. One hour. . , , 

Momentary service . The number of hours indicated on the name-plate, 
Continuous service. Ten hours. , . j ^ A 

In the case of small machines the duration of test may be reduced. 


Great Britain. 

Continuous working. 
Intermittent working . 


Six hours (up to 1,000 kw.). 
One hour (under revision). 


^Continuous service. A period sufficiently long to attain a practically 
constant temperature. 

Continuous service. A period sufficiently long to attain a practically 
Intermittent service. According to the conditions of service specified. 
Limits of Temperature Rise in Deg. Cent. 

B Permissible limits, (it) Recommended limits. M (it) 

Insulated with cotton.*. “0 

u « paper .. 

« 11 mica, asbestos or similar preparations... 80 65 

Commutators, brushes. : . ^0 50 

Bearings, terminals and connections... 

For permanently short-circuited windings, 5 degrees rise m excess 
of the above limits is permitted. 

^^ConUnuous service. For stationary windings, 10 deg. cent, m excess 
# of the limits for moving coils. 

Moving coils: 

Insulated with cotton. ^ 

“ “ paper. ^ 

« “ mica, asbestos or equivalent preparations. 

Iron and bare conductors. ~~ 

Commutators.. ^ 

Intermittent service. In conformity with the regulations of the Milan 

Congress (see Appendix I). . , ,. . f 

Uninterrupted service. For commutating machines destined for an 
uninterrupted day and night service, the permissible temperature rise 
shall be in accordance with those for continuous service, reduced by o deg. 
cent. 

Association Alsacienne. 

(a) For field windings traversed by a continuous current: 

By resistance. 

By thermometer.. 

(b) For all other windings and the iron m which the windings are 

embedded.. • .. 

(c) ' For permanently short-circuited windings. oo 

(i d ) For commutators, brushes.• • •.. 5;? 

(e) For bearings, terminals and connections. du 

N. B.—For enclosed machines, an extra rise of 5 degrees may be permitted. 

For commutating machines destined to work day and night continuously the above 
limits of temperature shall be reduced by 5 degrees. 

Germany. For stationary windings 10 deg. cent, above the limits for 

moving coils is permitted. .... . A 

For moving coils as well as the iron in which the windings are embedded: 

Insulated with cotton. ”0 

" “ u under oil and paper. ou 

« « enamel, mica, asbestos or equivalent prepara¬ 
tions. . . ...... 99 
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Commutators.. gq 

Bearings ."!!!’.!!’.!!!!!!!!!!! so 

Great Britain. For cotton, paper and its preparations, linen, 
micamte or similar materials: 


Stationary coils (by increase in resistance). 

Moving coils (by increase in resistance). 

Moving coils (by thermo-couple).’ * ’. 

Sweden. For stationary windings, 10 per cent above the limit 
moving coils.. 

Moving coils: 

Insulated with cotton. 

“ “ paper. 

“ “ mica, asbestos. 

Coreplates. ']*’***’ 

Commutators. * ’ 

Bearings.’ ’ ’ 


60 
60 
50 
s for 


50 

60 

SO 

60 

60 

40 


United States. 


Field and armature windings. 50 

Commutators and brushes. 55 

Bearings and other parts. 40 


N. B.—For large machines, a temperature limit of 40 deg. cent, under rated load 
conditions and 55 deg. cent, under overload is frequently specified. 


Surrounding Air Temperature 

(At the commencement of each paragraph the figure in deg. cent, indicates the 
standard adopted as the room temperature.) 

Belgium. 

35 deg. cent. The temperature to be adopted is the mean of the ther¬ 
mometer readings, taken at regular intervals during the last quarter of the 
test, in the currents of air passing to the apparatus, or, in default, at the 
middle height round the apparatus; in any case, as near as possible at 
a minimum distance to ensure safety from the effects of direct radiation. 
France. 

35 deg. cent. The thermometer indicating the surrounding air shall be 
placed in the line of air currents at about one metre from the machine and 
sheltered from all external influence. The mean value of the figures 
during the last quarter of the test shall be adopted. 

Germany. 

35 deg. cent. The temperature of the surrounding air shall be taken in 
the currents of air arriving, or, if there is no well-defined current of air, the 
mean value shall be taken of the air surrounding the machine at the 
middle height and at about one metre distant from the machine. The 
mean value of the figures during the last quarter of the test shall be 
adopted. 

Great Britain. 

25 deg. cent. 

Sweden. 

35 deg. cent. 

United States. 

25 deg. cent. The surrounding air of the test room is to be ascer¬ 
tained by means of several thermometers protected from direct radiation 
and air currents. 

Heating at Conclusion of Overload Test 

Belgium. After the application of an overload of 20 per cent for one- 
fifth of the specified test period and of 40 per cent for three minutes, the 
prescribed limits of temperature must not be exceeded by more than 
10 deg. .cent. 

France. No conditions as to heating. 
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Germany. The temperature limits Reified for Uu; 
not be exceeded therefore the overload:mu,t h■ ■ i pit;• ' ^ V 

rSZZSZZ? Umler „ .*». — » ..-.. " 

85 deg. cent. 

Sweden. - , .. . „ iK 

United States When the overload test is applied dirndl} <>ftm the 

rated load test under continuous service hhHM<> :l d 

mitted of 15 deg. cent, above the limits specific <1 foi the i.itui 

Surrounding Air Temperature Corrections 

Belgium If the surrounding air is likely to exei;ed 4;> deg. eeni the 
temperature limits must be reduced by an amount, eqmva ent. loth. * 

France. If the test is carried out with a surrmm.hug ‘m-pt up 
below 35 deg. cent., the temperature limits shall tt tltw.nl 
lowing ratio: 

1 

1.+ 6.005 (.'15 -()) 

fl beinv the temperature of the surrounding *tti dining tin ti .-t• 

0 IfltSis intended for a locality in which the ™ 

exceeds 35 deg. cent., the temperature limits shall In udii. 
following ratio: 

1 

1 + 0.005 W' - 35) 

/)' being the presumed temperature of the surrounding 
Association ALsacienne. If the temperature *>1 th< 
ordinarily exceeds 35 deg. cent., the temperature hmil: 
by an equivalent amount. 

Germany.- 

Great Britain. If the surrounding air in actual : 
exceed 25 deg. cent., the observed temperature rise 


nil - , 

surrounding air 
mu .1 be reduced 


exceed zo ueg. wuu, ‘ 

by one degree for each degree of dnierem 
25 deg. cent. 

Sweden. --- 

United States. The observed temperature shall 
increased, one-half per cent for every degree cent , ddhu• 
surrounding air and 25 deg. cent. 


TVtee 1 : 
shall be 


ely 

dun 


between the surrounding air and 


reduet 
1 tel We 


•d or 
m t he 


RESISTIVITY OR ('UPPER 
Variation with Temperature 

Unless otherwise specified, the following value:, have been adopted; 
Belgium. 0.004 per degree cent, 

France. 0.004 per degree cent. 

Germany. 0.0040 per degree cent. 

Great Britain, 0,42 per cent per degree cent. from and at o deg- cent, 
Sweden. 0.004 per degree, eent. . , . 

United States. 0.428 per eent per degree cent, irons and at 0 deg. 
cent, for annealed copper of 100 per eent standard conductivity (see 
Appendix JS). 

ATMOSPHERIC PRESSURE 
United States. 760 mm. of mercury. 

The observed temperature rise shall be reduced by 1 per eent lor every 
10 mm. deviation below 760. This correction is only to be applied when 
the atmospheric pressure differs greatly from the standard pressure of 

760 mm. of mercury. 
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MECHANICAL TESTS 

Belgium. Machines must be capable of withstanding for five minutes, 
at no load with and without excitation, a speed of 25 per cent in excess 
of the maximum speed specified for the particular service, unless the 
nature or method of using the machine in itself necessitates speeds ex¬ 
ceeding this figure, in which case the excess must be 100 per cent. 

France. Generators must be capable of withstanding a momentary 
increase in speed to be fixed, in each case, according to the particular 
method of driving. Continuous current motors must 'be capable of with¬ 
standing, during five minutes, a speed of 20 per cent in excess of the rated 
speed. 

Association Alsacienne. Motors must be capable of withstanding, 
during five minutes, a speed of 30 per cent in excess of the rated speed. 

Germany. Machines intended to work at a practically constant speed 
must be capable of withstanding during five minutes, a speed of 15 per 
cent in excess of the rated speed, first without excitation and then with 
full excitation. 

Great Britain. - 

Sweden. Machines must be capable of withstanding a speed of 20 
per cent in excess of the rated speed. Generators driven by hydraulic 
turbines, unless otherwise specified, must be capable of "withstanding a 
speed of 90 per cent in excess of the rated speed. 

United States. - 


EFFICIENCY 

General Conditions 

Belgium. The method of determination is to be specified. Unless 
otherwise stated, the efficiency is to be ascertained at rated load and under 
the corresponding conditions as to temperature. 

The power absorbed in the field rheostats of a machine is to be included 
as part of the power required to excite the machine. In the case of a 
separately excited machine, the efficiency of the machine and that of its 
exciter, shall be separately stated. 

France. The efficiency tests should be made at, or reduced to, the 
temperature attained at the close of the working test. The efficiency 
shall be stated for the rated load, three-quarters and half load, and is to 
include the losses due to the auxiliary apparatus such as exciter, ventila¬ 
tion, circulating pumps, forming an integral portion of the plant. 

Germany. The statement as to the efficiency applies to the rated 
load and the conditions of service to which it refers is to be mentioned. 
The power absorbed in excitation and in the rheostats must be considered 
as losses for the purpose of the calculations; unless otherwise stated the 
power absorbed in cooling the machine must also be considered as a loss. 

For machines which are specially excited, the efficiency of the two 
machines must be stated separately. 

Great Britain. - 

Sweden. The losses in excitation and in the rheostats are to be in¬ 
cluded. 

Friction losses are only to be included in the case of machines with 
automatic lubrication. 

Losses due to an independent flywheel are to be excluded. 

The efficiency measurements are to be made at the temperature 
attained by the machine at the close of the rated load test and referred 
to a surrounding air temperature of 20 deg. cent. 

United States. The test is to be carried out under ordinary work¬ 
ing conditions and with the surrounding air at standard temperature. 

In the case of belt-driven machines, the loss of power in belts and the 
increase of bearing friction, due to the increase of belt tension, is to be 1 
excluded. 
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In the case of a generator inseparable from its prime mover, bearing 

friction is to be excluded. ... rains are to be considered 

The losses in exciters or m auxil. y ^ 1 machine together 

separately, and chaVged to the plant consisting - 

with its auxiliary apparatus. , fmm n u . elliciciicy of the 

The plant efficiency is to be disl nyt sues ^ ^ uw;vm] .J A al> 

machine alone. 1 he efficiency u < 4 machine assumes under rated 
reduced to, the temperature which the muh t "V^Vri. of isA doi-. iM-nt! 
load conditions, referred to a sunoumling ai 1 

Method 

All Countries. Directly by input wlmrc po^iblc. 

Indirectly by losses, if the direct method is not pn„.,ibh . 

Enumeration of Losses 


Belgium.- 

FR MecLntcal. (a) Bearing friction nntl vt*nl»n. 

(b) Friction of brushes on commutator. aim 

Electrical. (c) Hysteresis anil Foucault, current 
\d) Joule effects in the circuits. 

Germany. The losses are not enumerated in tabular form. 
Great Britain. —-- 

Sweden. , , . f . .. 

(a) Bearing, brush and air friction. 

\b) Hysteresis and Foucault currents. 

(c) Ohmic losses in armature. 

(d) Ohmic losses in brushes. 

0) Ohmic losses in exciting cods. 

United States. , , 

(a) Bearing friction and windage losses. 

(b) Molecular magnetic friction and I'oucault 

Armature resistance lossr* 


collect mg 


current hr: 


(c) 

(d) 
(«) 

(/) 

(g) 

Nut ics. 


ni lUatUl v lumcivmivo 

Commutator-brush friction loss. 
Brush and brush-contact resistance h 
Field excitation loss. 

Load losses 


.. -Francs. Association A tsannmr m* ltcU**. mt'bu 

tact resistance, , , . , 

United States. O) Losso; may be euusulerunii 
machines. («) Different? between total u>rr: mult 
specified. 


etc* ! i i>".11 !iibooh nm* 


- wish « 

i I*tail 


Hinds bll.r.br. 

,utd aim nl 


l<: InIV V 


•C.iRr 

line 


t \ t id i ///•'/*/.* 11 • 




General Conditions of Test 

Belgium. Dielectric tests take the place of herniation tests unless the 
machine is intended for localities in which special coudihon. are imposed. 

The test is to be carried out before the machine r put mto actual 
service. The repetition of the test is to lie avoided. 

The test is to be carried out hot. , ... 

The windings of machines and transformers must be capable <d wuu 
standing, for a period of half an hour, a working pressure ot do per cent 
in excess of the highest pressure of the service. 

France. The test of the insulation is to he carried out hot, when 
possible, and shall only be made in the works of the manufacturer, 

The test pressure is to be applied gradually. I he ennuis **t ma 
chines and transformers shall be capable oi withstanding, without undue 
strain, for a period of three minutes, a pressure lid per cent in excess u 
the ordinary working pressure, provided no mechanical or electrical 
considerations are against it. 
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Germany. The tests, when possible, are to be carried out at the works 
of the manufacturer. They are not to be repeated except in very ex¬ 
ceptional cases. For large machines the test is to be repeated, in situ, 
P reviou . s ma chine being put into actual service. 

teS r 1S *^? c , ame(i 1 out hot * Machines and transformers must be 
capable of withstanding, during five minutes, a pressure 30 per cent in 
excess of the rated pressure. p 

Great Britain.- 


Sweden. The test to be carried out hot. 

United States. In general, the test is to be carried out at the 
temperature corresponding to the rated load and when the machine is 
completely assembled, but before it is put into regular service. 

The machine must be dry and free from dust. 


Points of Application of the Pressure 

All Countries. The various rules specify that the test pressure is 
to be applied between windings and the frame and between all electric 
circuits. 


Nature of the Test Pressure 

Belgium, France, Germany, Sweden. The values of the test pres¬ 
sure herein indicated are applicable to cases in which the testing current 
is similar to the ordinary working current. & 

If windings intended for continuous current work be tested with alter¬ 
nating current, the test pressure shall be seven-tenths of that specified. 

Conversely, if windings intended for alternating current work be 
tested with continuous current, the test pressure shall be 1.4 times that 
specified. 

The voltage curve of the alternator employed for the test shall be as 
nearly as possible a sine wave. 

Great Britain. - 

United States. The test is to be carried out with alternating current 
at the normal frequency of the apparatus. 

The values herein given are the root mean square values of the test 
pressure referred to a sine wave form. 

t The wave shape of the test pressure should be as nearly as possible 
sinusoidal, and should not be materially distorted by the testing circuit. 

Test Pressure 
Belgium. 

Working Pressure. 

Less than 300 v 
300- 600 v 

600- 1,200 v 
1,200- 5,000 v 
5,000-10,000 v 
Above 10,000 v 

France. 

Rated Pressure. Test Pressure. 

Up to 5,000 v. 'j ( Twice the rated pressure with 

I Tested J minimum of 110 v. 

From 5,000-10,000 v. f Hot. 1 Rated pressure + 5,000 v. 

Above 10,000 v. J [ 1.5 times rated pressure. 

Up to 5,000 v. ) f Three times the rated pressure with 

l Tested i minimum of 500 v. 

From 5,000-10,000 v. f Cold. ] Rated pressure + 10,000 v. 

Above 10,000 v. J l Twice the rated pressure. 


Test Pressure. 

4 times the working pressure + 300 v. 
3 “ « “ “ + 600 v. 

2,400 v. 

Twice the working pressure. 

The working pressure + 5,000 v. 

1.5 times the working pressure. 
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Germany. 

Rated Pressure. 
Above 40 v. 

From 5,000- 7,500 v. 
Above 7,500 v. 


Test Pressure. 

At least 110 v. 

The working pressure + 7,500 v. 
Twice the working pressure. 


Great Britain. 


Sweden. 

Working Pressure 
Up to 3,300 v. 

Above 3,300 v. 


Test Pressure. 

3 times the working pressure with a mini¬ 
mum of 700 v. 

1.5 times the working pressure. 


United States of America. 

Working Pressure. 

Not exceeding 400 v. 

400 v. and above, but less than 800 v. 


Power. Test Pressure. 

Below 10 lew. 1,000 v. 

10 kw. and above. 1,500 v. 

Under 10 kw. 1,500 v. 

10 kw. and over. 2,000 v. 


S00 v. and above, but less than 1,200 v. Any power. 
1,200 v. and above, but less than 2,500 v. ^ 

2,500 v. and over. 


3,500 v. 
5,000 v. 

Double the normal 
rated voltage. 


Length of Test 
.Belgium. 30 minutes. 

France. 30 minutes (hot) j m ssociation Alsacienne , 5 minutes). 
5 « (cold )) v 

Germany. 1 minute. 

Great Britain. —- 

Sweden. At least 1.minute. 

United States. 1 minute. 


APPENDIX I. 

HEATING (see p. 43). 

Stipulation of the Milan Congress (September, 1906). 

The heating of a motor is to be considered as excessive when, starting 
from a surrounding air temperature equivalent to 25 deg. cent., the motor, 
after 10 hours’ working at its permanent power or after one hour working 
at its normal power, attains a final temperature exceeding that of the 
surrounding air by the following values: ^ 

(a) For windings insulated with cotton. 70 deg. cent. 

For windings insulated with paper.* * • 

For windings insulated with mica, asbestos or other 

substances presenting the same qualities of m- tt ti 
sulation and incombustibility.100 ^ u 

(b) For commutators....* * .. 

(c) For metallic portions in which the windings are em¬ 

bedded, the value corresponding to that indicated 
for the windings, according to the insulation em¬ 
ployed for the latter. 

When the windings are insulated with a combination of insulating 
materials, the lower limit will be taken. ... By permanent power and 
normal power of a motor is to be understood that power which, the current 
being furnished at the normal pressure of supply, can be developed by 
the said motor during 10 consecutive hours, in the first case, and during 
an uninterrupted period of one hour/ in the second case, without the 
heating being excessive in the sense indicated under the paragraph as 
to “ Heating.” 
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TOLERANCE AS REGARDS GUARANTEES 
Union des Syndicats de L’Electricite 
The following table fixes: 

(1) Tolerance allowed for errors in measurement, and beyond 
which the question as to reduction in price may arise. 

(2) The limit beyond which the question as to the material not 
complying with the specification may arise. 


Guarantees 

as to 

... 

Tolerance. 

Limits. 

Heating. 

• 

3 deg. cent. 

_ ... 

10 deg. cent, above the limits fixed. 

Auto-regulation. 

20% of the guaranteed percentage 

50% of the guaranteed percentage. 

| Efficiency. 

i 

20% of the sum of the total or 
measurable losses, as the case 
may be. 

50% of the losses, total or 
measurable. 


Association Alsacienne 

As acceptance of the various guarantees given, it is usual to fix two 
limits, the first representing the permissible tolerance to allow for inex¬ 
actitudes and errors of measurement, the second giving to the buyer the 
right to reject the material. Between these two limits it is usually a 
question of penalties in proportion to the deviation from the guarantee. 
The penalties for the different guarantees are cumulative. 

The following values are to be recommended: 


Guarantee 
as to 

Tolerance 

re 

Measurements. 

Limits of Rejection. 

Penalties to be applied by 
the Buyer, between the 
Tolerance and Limits. 

Heating. 

4 deg. cent, above limits 
fixed (for resistance 
measurements only). 

10 deg. cent, above 
limits fixed. 

i% per degree. 

| Auto- 
| regulation. 

I . 

15% of the percentage 
guaranteed by the man¬ 
ufacturer. 

40% of the guar¬ 
anteed percentage. 

1% for each 10% of the 
percentage guaranteed, 
applicable between 15% 
and 40%. 

| Efficiency. 

1 

i 

15% of the sum of the 
losses, total or measur¬ 
able, as the case may be. 

40% of the losses, 
total or measurable. 

2% for each 10% of the 
sum of the losses, total or 
measurable, applicable 
between 15% and 40%. 









AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


REPORT OF THE BOARD OF DIRECTORS FOR THE FISCAL 
YEAR ENDING APRIL 30, 1911. 


The Board of Directors of the American Institute of Electrical Engi¬ 
neers presents herewith for the information of the membership its annual 

report for the fiscal year ending April 30, 1911. _ 

The report includes a brief summary of the more important worn 
accomplished by the various standing and special committees, also e- 
tailed statements showing the condition of the various funds and finances 
of the Institute. It is highly gratifying to the Boardi of Directors to 
able to report for this year, a surplus of nearly $17 000, and a net 
increase in the membership of 436 members. The Boar Ao 
wishes to call attention to the investment last November, of $15,000 
par value, in General Mortgage, four per cent, Chicago, Burlington and 

Ouincy Railroad Company bonds. _ , . . 

Tim Board has held 10 regular monthly meetings during the year, and 

the Executive Committee two meetings. „ T -li t „„ on +„ qo 

The Annual Convention was held at Jefferson, N. •. J’L ’ 

1910. The total registered attendance numbered 178. Twenty pro¬ 
fessional papers were presented and discussed. 

Following the policy inaugurated last year of holding other Institute 
meetings in various portions of the country, partaking of the nature of 
conventions, there was held at Schenectady, N. Y., and Pittsfield Mass., 
on February 14, 15 and 16, 1911, the Pittsfield-Schenectady Mid-Year 
Convention; at which 16 technical papers were presented and discussed 
The attendance at this convention numbered 350 at Schenectady, a 
150 at Pittsfield. The meeting was a most successful one in every way 
An equally enthusiastic and successful meeting, known as the Pac fi 
Coast Meeting, was held in Los Angeles, Cal., on April 25 to 29, 1911. 
All of the larger cities on the coast were represented at this ,“ eetmg ^ g 
the total attendance numbered 189 members and 134 vis tors. These 
meetings cannot fail to emphasize the national character of the Institute 
In addition to the work summarized and embodied m this report a 
greal deal has been accomplished by temporary comrnltte ® S ffl 3° 1 “ t e ^ 
by the Board from time to time throughout the year. Among th 
may be mentioned the special committee recently appointed to act in 
conjunction with the committees of other interested eng ' nee “ g ™is 
tions in opposing the legislation to license engl “® er !; ^ Much 

committee may be found in the April issue of the Proceedings. Much 
creditable work has also been performed by the representatives of 
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Institute on various commissions and congresses, both in this country 
and abroad. Among the more important of these are: the Second 
National Conservation Congress at St. Paul, Minn., September 5 to 9, 
1910, the American Mining Congress at Los Angeles, Cal., September 
26-October 1, 1910, Annual Meeting, American Academy of Political and 
Social Science, Philadelphia, Pa., April 7 and 8, 1911, the International 
American Scientific Congress at Buenos Aires, Argentina, S. A., July 10 
to 25, 1910, and the Reunion Amicale at Brussels, August 8 to 10, 1910. 

The year has not only been one of the most prosperous in the history 
of the Institute, but an extremely busy and useful one. 

Sections Committee.—The Sections Committee is able to report con¬ 
tinued progress in Section and Branch affairs during the past year. 
One Section has been added to the roster—Detroit-Ann Arbor—and one 
discontinued—Norfolk, Va. Although the total attendance at the Section 
meetings does not add up to quite so large a figure as during the 
previous year, an analysis of the various Sections indicates that the 
small Sections have generally increased their attendance, while the 
decreases have taken place in one or two of the larger Sections. 

The reports from the University Branches have been most encouraging. 
It is gratifying to note that a large percentage of the additions to 
the membership of the Institute comes from the ranks of the enrolled 
Students, and further to note that most of the enrolled Students have 
come into the Institute through the agency of the University Branches. 

Considerable work has been done during the past year towards placing 
the matter of Sections expenditures on a uniform and logical basis. It is 
hoped that by-laws which incorporate this uniform basis of appropriation 
for this purpose will be in such shape that the proposed plan may be put 
into operation during the next administrative year, beginning August 
1, 1911. 



For Year Ending 

Sections 

May 1 
1908 ' 

May 1 
1909 

May 1 
1910 

May 1 
1911 

21 

24 

25 

25 


141 

169 

187 

208 

Original pnpfT 55 and talk's. 

120 

167 

178 

181 

At . 

7,476 

16,427 

16,694 

15,243 

Branches 

Number Brsmel'ifiR .. 

22 

26 

31 

36 

Branch meetings held. 

143 

198 

237 

255 

Original papers and talks... 

84 

158 

147 

147 

Attendance. 

4,128 

8,443 

10,255 

10,714 


Meetings and Papers Committee.—This committee has arranged for 
nine regular Institute meetings during the year, at each of which one or 
more technical papers were presented. Seven of these meetings were 
held in New York, one in Boston, and one in Toronto. The committee 
also approved and cooperated in the Pittsfield-Schenectady Mid-Year 
Convention, and the Pacific Coast Meeting held in Los Angeles. Active 
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preparations are now being made by the committee for the Annual 
Meeting and the Annual Convention, the. alter to be he d in < b't ug'. 
from June 20 to 30 inclusive. The committee has received much a st¬ 
ance from the chairmen of the various technical committees, who l ave 
Set spring papers and carrying out the policy of the Meetings 
and Papers Committee in handling the meetings held in N*w*o.k.. 

Educational Committee—The work ol this “"lum .it oi - u M- 1 ' 
has consisted principally of an investigation into Uieudvisaluhty of olleung 
prizes to students of electrical engineering h.r compel.,turns of v.uunis 
sorts, such as thesis work or original designs 1 he committee unan,- 
movtsly decided against the establishment ol such prizes. 1 he renmmde, o 
the work of the committee has consisted in arranging a program lor one of 
the sessions of the Annual Convention to be held in C hicago m June 

Industrial Power Committee.— 1 his committee has been active m i... 
field during the year, and as a result oi Us churls a number oi 
meetings have been held by the various Se,-tarns which were devoted to 
the presentation and discussion of industrial power subjects. A very 
successful meeting, at which the cost of mdustnal power was discussed, 
was held under the auspices of the committee ,n New \ ork in March, 
with the cooperation of the American Society oi Mechanical Engineers 
The committee has succeeded in obtaining from various sources a number 
of valuable papers on industrial power subjects winch will be transmitted 
to the new committee at the close of the present administrative year. 

Railway Committee,.A number ol meetings have been held by tin., 

committee during the year. The advancement of radway eUvt.nl,eati..„ 
has been held as the principal object ot the eonnmU.ee s existence, and it 
now appears that the committee is in a fair way to establish a precedent 
of unusual value to determine the pra.-tieal re;,tills ol eleetrdieatam as 
carried out on a number of important line-.. To tins end, m adddmn 
to a paper read by Mr. W. S. Murray at. an Institute meeting m lor...,to 
giving considerable information eoinvrniug the New Haven installation, 
there will lie a discussion of this paper at the Annual Convention in .1 
Among others, special details relating to the New York Central msialla 
lion are expected. A most important paper giving cnnstrueliotb m;,m ' 
tenanee, and operating costs, is now being prepared tor the < 'bieago 
Convention. Six or eight other valuable papers have been promised lor 

the future. . . . . 

Telegraphy and Telephony Committee, I he i and nde 

phony Committee has held two meeting:. during the year. U has oh 
t,allied several valuable papers in its held, for boll, Hie 1’aohc I oast 
Meeting, held at LoS Angeles in April, ami flu* Annual < Ymvenlton, to he 
held in Chicago in June. 

Electric Lighting Committee. The Kleetrie Lighting ( ormiutlee se 
cured five papers during the year, one of whieh was presented at the 
Institute meeting held in New York on February 10, 1011. 1 he remain 

ing four papers will all he presented at the Annual thmvention in June. 

Power Station Committee. The Power Stalina (MnuniUee had assigned 
to it the May meeting, lmt this was ehanged in order to give an opp.a - 
{unity for the presentation eeremouies of tin* Edison Medal. 1 he rom 
niittee ex peels to seeure papers for Mm Annual Convention, 
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Electrochemical Committee.—The efforts of this committee have been 
directed towards arranging for two or three papers on electrochemical 
subjects for a meeting scheduled tentatively for April, 1911. Owing to 
other engagements of those who were best qualified to deal with the 
subjects selected, and to the fact that practically all of the available ma¬ 
terial had been promised elsewhere, it was deemed inadvisable to hold 
an electrochemical meeting this year. Arrangements have virtually been 
completed, however, for one or two good papers for next fall or winter. 

High Tension Transmission Committee.—The High Tension Trans¬ 
mission Committee has followed this year the custom of previous years. 
Up to the present time it has held five meetings, with an average at¬ 
tendance of six members, and presumably at least one more meeting will be 
held during the term of the present committee. At these meetings various 
questions coming before the committee were discussed and appropriately 
determined. The committee prepared the program for the regular 
Institute meeting held in New York on January 10, 1911. The com¬ 
mittee also assisted in the preparation of the program for the Pacific 
Coast Meeting at Los Angeles. The committee expects to hold an 
11 Extra High Tension Operation Meeting ” at the Annual Convention 
in Chicago, giving data and discussion on the construction and operation 
of power systems utilizing 80,000 volts or higher. The most notable 
action of the committee during the present year was its participation, 
with the authorization of your Board, in the specifications for overhead 
crossings of electric light and power lines. These specifications were 
prepared with the idea of securing a nationally recognized crossing 
specification which could be uniformly used throughout the , country by 
railway, telephone, telegraph, or whatever lines are crossed by power 
circuits. This specification is a joint report of committees of various 
engineering organizations, but it is believed, as a result of the cooperation 
of these various bodies through their representative committees, that 
this specification will be universally recognized and followed. 

Editing Committee.—Since May 1, 1910, there have been edited and 
published 12 numbers of the Proceedings. The total number of pages 
contained in these Proceedings is 2,856. Of these, 360 pages have ap¬ 
peared in Section I, and 2,226 pages in Section II Of the 2,226 pages in 
Section II, 1,624 pages were devoted to technical papers, and 530 pages 
to discussions. Volume XXIX of the Transactions, consisting of the 
papers and discussions presented during the calender year 1910 and the 
report of the Board of Directors for the fiscal year ending April 30, 1910, 
contains approximately 1,770 pages. The volume will be issued in two 
parts and is expected to be ready for delivery about the middle of June. 

From May 1, 1910 to April 30, 1911 there have been published in full 
in the Proceedings seven papers read before various Sections and 
Branches, in addition to 11 abstracts of such papers, which appeared in 

Section I of the Proceedings. _ . 

The Editing Committee has gone carefully over the discussions which 
have been submitted by the Sections and Branches, and has supervised 
the editing of the discussions presented at the regular Institute meetings. 
The committee, in cooperation with the Meetings and Papers Com- 
mittee, has revised;and>ill have reprinted the pamphlet “ Suggestions to 
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Authors ”, bringing this up to present requirements as to style, illustra¬ 
tions, arrangement of matter for papers and discussions, with the end of 
assuring greater uniformity of style in the Proceedings and Transac¬ 
tions and facilitating the actual handling of the papers and discussions. 

Standards Committee.— The Standards Committee has held seven regu¬ 
lar monthly meetings in New York since its appointment last August, and 
will hold one more in May. The additions and amendments to the 
Standardization Rules presented at the last Annual Convention have been 
completely revised, supplemented and incorporated into the rules. The 
rules thus revised will be presented to the Board of Directors at this meet¬ 
ing. and it is hoped will be ready for distribution in the early summer. 

Last year, at the request of the Standards Committee, the U. S. Bureau 
of Standards undertook a thorough investigation of the resistivity and 
temperature coefficient of copper, to serve as a basis for a new Institute 
wire table. This work was completed during the summer, and the 
Bureau has now nearing completion the preparation of a very compre¬ 
hensive set of tables under the direction of the Standards Committee. 

In order to handle the various questions arising, 10 sub-committees 
were appointed during the year. The work of five of these sub-commit¬ 
tees is still unfinished and will continue over until next year. The sub¬ 
jects under consideration by these five committees are: 1. Definitions. of 
electromotive force, potential difference , and voltage ; 2. The standardiza¬ 
tion of the stranding of cables', d. A definition of horse-power in terms of 
the watt ; 4. The rating of electrical machinery , particularly intermittent 
rating ; 5. Insulation testing and transformer regulation . 

International Electrotechnical Commission.—An unofficial conference 
was held by the International Electrotechnical Commission at Brussels 
August 8 to 10, 1910, at the invitation of the Belgian Electrotechnical 
Committee. The Conference was presided over by Professor Eric 
Gerard. Forty-seven delegates, representing 11 national committees, 
attended the conference. Messrs. A. E. Kennedy and Charles F. Scott 
represented the U. S. National Committee. 

The resolution of the American Institute of Electrical Engineers 
adopted at the Jefferson Convention on June 29, 1910, referring the ques¬ 
tion of standard direction of alternating current vector-rotation to the 
Commission, (Transactions A. I. E. E., 1910, pp. 1821-1822) was laid 
before the Conference by the U. S. delegates. 

Substantial progress was made at the Conference in all of the four sub¬ 
jects taken up for discussion— nomenclature, symbols,, vector-rotation, 
and rating. In the last three the United States National Committee 
had taken an especially active interest. 

The official resume of the actions at the Conference, issued in September 
by the General Secretary, was printed in the Proceedings of the Ameri¬ 
can Institute of Electrical Engineers for December 1910, pages 10 and 11. 

Six meetings have been held by the U S. National Committee in New 
York City during the year, with an average attendance of four members. 
At the meeting in October 1910 the actions of the Brussels Conference 
as printed in the Official Resume were endorsed. Various documents 
have been received from the General Secretary and considered by the 
committee. Communications have been exchanged with the French 
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Committee on an inquiry received from them as to the nomenclature of 
reactive power in an alternating current circuit. 

Local committees of the Commission have now been formed in the 
following countries: Austria, Belgium, Brazil, Canada, Denmark, France, 
Germany, Great Britain, Hungary, Italy, Japan, Mexico, Spain. Sweden, 
and the United States. A plenary meeting of the Commission is scheduled 
to be held in Turin from September 11 to 16, 1911, at the invitation of the 
Italian Committee, and in conjunction with the Turin International 
Electrical Congress. 

1 he President of the Commission is Dr. Elihu Thomson, who succeeded 
Lord Kelvin in that office. The Honorary Secretary is Colonel R. E. 
Crompton, and the General Secretary is Mr. C. le Maistre, whose office 
is at 28 Victoria Street, London. 

It is to be hoped that international standardization may be adopted 
at the forthcoming Turin meeting in some or all of the four subjects on 
which tentative progress was made at the Brussels Conference. 

Code Committee. —The Code Committee, through its chairman, repre¬ 
sented the Institute at the annual meeting of the National Board of 
Fire Underwriters, held in New York on March 20 and 21, 1911. The 
only matter of interest to the Institute, taken up at this meeting, was the 
grounding of secondaries, and the work of the Institute’s representative 
resulted in the passing of a resolution by the Underwriters’ Conference 
endorsing the practice of the grounding of secondaries and recommending 
that municipalities and lighting companies make such a rule mandatory, 
with the further resolution that the Institute use its efforts to bring about 
an agreement with the National Electric Light Association in the matter 
of grounding of secondaries up to 250 volts, instead of at 150 volts, the 
present adopted standard of the association. 

Law Committee. —The Law Committee has considered several questions 
submitted to it by the Board of Directors, principally in reference to 
interpretation of the By-Laws and Constitution. Ow T ing to the fact that 
this committee, under the Constitution, is merely an advisory committee, 
no constructive work has been done. 

Conservation of Natural Resources Committee. —During the year the 
Conservation of Natural Resources Committee has corresponded, through 
its chairman, with various officials of the federal government relative to 
the regulations covering the development of water powers, dependent in 
whole or in part, upon the run-off from public lands. 

On December 28 the Secretary of Agriculture issued a “ Use Book ” 
containing regulations and instructions for the use of the national forestry 
service, and a Manual of Procedure for forest officers, which, in respect 
of water powers, embodies substantially all of the suggestions presented 
in President Stillwell’s presidential address at the Jefferson Convention, 
and approved by that convention in a resolution requesting the Board of 
Directors to take action looking to their adoption. 

On February 10 the Board of Directors, by resolution, instructed the 
Conservation Committee to examine a bill introduced in the House of 
Representatives by Mr. Herbert Parsons, and to communicate to Mr. 
Parsons (and if deemed desirable, to other representatives, senators and 
officers of the administration) the views of the committee in respect 
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thereto. In accordance with this instruction theT t 7 thTcomSw on 
bill and notified Mr. Parsons and Chairman unce , > ^ .■ 

Public Lands, of its approval of the proposed legislation. ‘ 

the bill was taken by the Congress which adjourned in M.ud • 

Library Committee.-In accordance with Section 24 of Ch Bv-L.uv 
of. the Institute we beg leave to submit herewith our annu.i • 0 

the year ending April 30, 1911, showing the state of the ldn.us .ml 

including the names of all donors to it. , • , 

The efforts of the committee have been directed lovvai.ls t < ull.mia 
extension of the usefulness of the library to the members of the Inuudor 
and associate societies and to non-members, whether resident m non¬ 
resident in New York City, and towards the harmonious, equitable .md 
efficient administration of the joint libraries housed m the uppei slones of 
the Engineers’ Building. 

The successful attainment of either of these ends predicates the as¬ 
sistance of a competent chief librarian. The former chief librarian Imvmg 
resigned on August 31, 1910, the administration was j) ae«M teuiiioiim y 
in the hands of Miss Alice J. Gates. On. December M , 1910 1 >r. \\ . 1 • 
Cutter was appointed librarian of the libraries of the three bounder 
Societies and United Engineering Society and he assumed odiee admit 
the first of February, 1911. To accept the. appointment, Dr. ( utter, 
who had previously been connected with the Library of ( ongress and with 
the Library of the U. S. Dept, of Agriculture, resigned I mm the librarian- 
ship of the Forbes Library, Northampton, Mass. 

The present status of joint occupancy and administration ot ttit- 
library is as follows: There are four separate libraries which are the 
respective properties of the three Founder Societies and the 1 nit.ed 
Engineering Society. Many parts of the first three have been donated 
and are subject to limitations prescribed by the deeds ot gift. At 1 he 
suggestion of the United Engineering Society, the Founder Soeiuties 
(minutes of Board of Directors A. 1, E. E., June 1*2, 1908) agreed t D-tt 
the administration of the library be placed in the hands of a cine! b 
brarian, all employes of the library to be subject to the direction o! said 
chief librarian.” As the result of another suggestion from tlu* hinted 
Engineering Society, which was approved at. the same time, by the 
Founder Societies, the salaries of all the library employes are now paid by 
the United Engineering Society and one third of the total amount is 
charged back to each of the Founder Societies. Any administrative act 
of the chief librarian, which involves an expenditure by any one of tile 
four societies, must be subject to the constitutional or other limitations 
prescribed by that society. The Constitution ul A, l. K. K< (§00) pre¬ 
scribes that the Library Committee 44 shall direct expenditure:; for books 
or other articles ” for the library. The United Engineering Society allow:; 
the House Committee, which consists of the secretaries of the three 
Founder Societies, to direct expenditures which du not exceed $100. 
To facilitate the work of the chief librarian, therefore, the Library Con¬ 
ference Committee, consisting of one member from each of the Pounder 
Societies, is of service. This committee, representation upon which was 
authorized by the Institute Board of Directors on October 20, 1000 and 
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March 29, 1907, for diplomatic reasons has assumed merely recommend 
dtory functions and it has been agreed that all its actions must be unani ■ 
mous. It meets once a month, at the close of the meeting of the House 
Committee, the members of the latter attending. To this committee the 
chief librarian makes recommendations, which, if approved, are ultimately 
referred to the body having power to effectuate the execution. Thc- 
Institute s representative on this committee must be a member of the 
Library Committee, and has thus far been its chairman. 

Statistical information concerning the library and its use during the 
year, including a list of donors, is given in the following tables: 

Donors 


ACADEMIE ROYALE DES SCIENCES. 

ACHESON, E. G. 

ADAMS, E. D. 

AGENDA DE L’ELECTRO.. 

AMERICAN ELECTROCHEMICAL SOCIETY. 

AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 

ARNOLD, BION J.. 

ASSOCIATION OF RAILWAY TELEGRAPH SUPERINTENDENTS 

BOSTON TRANSIT COMMISSION.. 

CALDWELL, EDWARD. 

CHICAGO BUREAU OF STATISTICS. 

COLUMBIA UNIVERSITY, DEPARTMENT OF PHYSICS. 

CONGRESO CIENTIFICO (1° PAN AMERICANO).’ 

CROCKER, F. B & ARENDT, M.. 

GENERAL ELECTRIC COMPANY. 

HERING, C. 

INDIANA RAILROAD COMMISSIONER. 

INSTITUTION OF OPERATING ENGINEERS. 

INTERNATIONAL ELECTROCHEMICAL COMMISSION. 

INTERNATIONAL ELECTROTECHNIQUE COMMISSION. 

IOWA ENGINEERING SOCIETY. 

ITALY POSTE & TELEGRAFI. 

JANECKE, MAX. 

JOURNAL OF ELECTRICITY, POWER & GAS. 

KARAPETOFF, V. 

MAILLOUX, C. O. 

MARTIN, T. C. 

MASSACHUSETTS GAS AND ELECTRIC LIGHT COMPANY. 

MCCLURG, A. C. COMPANY. 

MCKAY, D. 

MCGRAW PUBLISHING COMPANY. 

MICHIGAN ELECTRIC ASSOCIATION. 

MILLS, JOHN. 

NACHOD, C. P. ;. 

NATIONAL FIRE PROTECTION ASSOCIATION. 

NEW JERSEY PUBLIC UTILITY COMMISSIONER. 

PIERCE, A. L. 


1 

1 

7 

1 

1 

4 

1 

1 

1 

1 

12 

2 

2 

1 

6 

1 

2 

1 

1 

1 

1 

2 

1 

1 

1 

5 
4 
1 
1 
1 

6 
1 
1 
1 
1 
2 









































2594 REPORT OF BOARD OF DIRECTORS [May 16 

POLYTECHNIC INSTITUTE OF BROOKLYN. 1 

SEMENZA, .. 1 

SOCIETE INTERNATIONALE DES ELECTRICIENS. 1 

TELEFUNKEN WIRELESS TELEGRAPH COMPANY. 14 

U. S. ELECTRICAL DEPARTMENT, WASHINGTON. 1 

VAN NOSTRAND, D. COMPANY. 6 

VERMONT PUBLIC SERVICE COMMISSIONER. 1 

VILLARS, .. 3 

WARE, H. E. 1 

WESTERN UNION TELEGRAPH COMPANY. 1 

WESTINGHOUSE ELECTRIC & MANUFACTURING COMPANY.... 1 

DONOR UNKNOWN. 6 

OLD MATERIAL. 79 

- 19S 

Exchanges. 199 

Purchases... 91 

- 290 

Total accessions. 4S8 


The following tabulation gives the state of the five accounts from 
which the Library committee is entitled to draw. 

Donations (General Library Fund) 

Dr. Cr. 

Balance May 1, 1910.$25S.04 

Interest May 1, 1911. 6.48 Unexpended.$264.52 

$264.52 $264.52 


Mailloux Endowment Fund ($1,000) 

(Proceeds for the maintenance of certain sets of periodical publications.) 

Balance May 1, 1910.$60.35 Expended.$34.00 

Interest. 15.00 Unexpended. 41.35 

$75.35 $75.35 


International Electricai. Congress of St. Louis, 1904 Fund.) 

(Proceeds available for the purchase of non-American International electrical literature) 

Invested in New York City 4?% Bonds..$2268.00 

Additions to the fund... 49.65 

Total fund....$2317.65 

Balance on hand May 1, 1910.... .$129.12 

Interest to May 1, 1911.. 90.00 Unexpended.............$219.12 


$219.12 


$219.12 
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Weaver Donation 

(Available for the purchase of early electrical literature.) 

Balance on hand May 1, 1910.$65.44 Unexpended.$65.44 


$65.44 


$65.44 


Institute Appropriation Account 


Dr. 

Appropriation for the year end¬ 
ing October 1, 1911. $4,500.00 



Cr. 

Librarian and assistants (to 


January 1, 1911). $1,005.90 

Cataloguing (to Jan. 1, 1911) . . 554.00 

Desk attendant (to Jan. 1, 1911) 106.68 

vSalary (one-third) of librarian, 
assistants, cataloguer and 
desk attendant (Jan. 1 to 

April 1, 1911). 528.34 

One-third running expenses of 

library for 1910. 106.78 

Books.. ... 176.95 

Subscriptions. 169.29 

Insurance. 72.93 

Binding. 322.85 

M iscellaneons. 39.58 


$3,083.30 

Unexpended. 1,416.70 


$4,500.00 


STATISTICS OP LIBRARY MAY I, 1911 


Source 

Volumes 

Pam¬ 

phlets 

V aluation 

Report of May 1, 1910. 

Purchases. 

Gifts and exchanges. 

Old material accessioned_ 

14,865 

91 

28S 

49 

1,279 

30 

34 

$25,959. 12 
315.84 
583.50 
66.50 

15,293 

1,343 

$26,924.96 


. In the following table are given the figures for the total valuation of the 
Library property: 

Books. 

Stacks.. 

Furniture, Catalogues, cases, etc 


$26,924.96 
1,761.05 
376.00 
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Library Attendance 



Day 

Night ! 

Total 


] q i o . 


454 

279 

733 




471 

239 

710 


u 


609 

Closed 

609 

July 

u 


560 

“ 

560 


u 


596 

261 

857 


u 


665 

328 

993 


u 


67S 

334 

1,012 


u 


699 

306 

1.005 


1Q11 . 


681 

333 

1,014 

J anuary 



617 

334 

951 

February 

March 

a 


687 

334 

1,021 


u 


756 

293 

1.049 

April 






Total May 

1910-April 1911. 


7,473 

3,041 

10,514 


Mr. Edward D. Adams has continued his contributions to the library 
as in previous years by the donation of the Proceedings and 1 ransac- 
tions of the Royal Society of London, and new volumes of the Inter¬ 
national Catalogue of Scientific Literature. He has also as heietoloie 
had these volumes bound at his expense. 

The income from the C. 0. Mailloux Fund of $1000 has again been 
used to maintain the four important periodical sets which were originally 
presented to the library by Mr. Mailloux. 

Respectfully subm i 11 e < 1, 

A. Be ME NT. 

C. P. Burgess. 

Gang Dunn. 

J. P. Mallet. 

G. E. Scribner. 

Philip To Remo. 

Samuel Sheldon, Chairman, 

LIBRARY COMMITTEE. 

Edison Medal Committee.—At a meeting of the Edison Medal Commit¬ 
tee held on November 26, 1910, the names of candidates submitted in 
accordance with the committee’s by-laws were voted upon, and Mr. Frank 
J. Sprague was selected from the list to be voted on in December following. 
The voting in December was done in accordance with the provisions 
of the by-laws, and resulted in the award of the Edison Medal to Mr, 
Frank J. Sprague, for “ Meritorious Achievement; in Electrical Science, 
Engineering and Arts ", the result of the vote being transmitted to the 
Board of Directors under date of December 19, 1.910. The presentation 
is to be made at the Annual Meeting of the Institute on May .16, 1911. 

John Fritz Medal Board of Award.—The John Fritz Medal for 1910 
was awarded to Alfred Noble, past-president, American Society of Civil 
Engineers, for “ notable achievements as a civil engineer." The presenta¬ 
tion was made on November 30, 1910, at the house of the American 
Society of Civil Engineers, New York City. 
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Board of Examiners. The Board has held 11 meetings during the year. 
It has considered and reported to the Board of Directors a total of 1,748 
applications for election to membership in the Institute, Student enrol¬ 
ment, and transfer to the grade of Member. 

A summary of these applications is as follows; 


Recommended for election as Associates. 916 

Not recommended for election as Associates. 2 

Recommended for transfer. 54 

Not recommended for transfer.. 27 

Recommended for enrolment as Students.. 749 

Total number of applications considered. 1,748 


This is an increase of 351 applications over last year. 

Membership Committee—On November 1 , 1910 a letter was mailed 
by the committee to each member of the Institute requesting the names 
of desirable candidates for admission. The cooperation of the officers 
of the Institute Sections was also requested. In response to these com¬ 
munications over 1,200 names were suggested by the membership. All 
of these prospective candidates were communicated with promptly and 
supplied with printed matter relating to the Institute and its various 
activities. 

The number of applications received from November 1 , 1911, on which 
date the present committee began its active work, to April 30, 1911, is 
661, and the total number received during the year ending April 30, 1911, 
is 937. The present total membership and the net increase during the 
past year are indicated in the following table: 


Membership, April 30, 1910 
Additions: 

New Associates. 

Transferred. 

Reinstated. 

Deductions: 

Died.. 

Resigned. 

Dropped.. 

Transferred. 

Membership April 30, 1911. 

Net increase during the year in membership.436 

Student Enrollment .—Since the enrollment of Students was authorized 
in 1902, the total number enrolled up to May 1 , 1911 is 4,418. Of this 
number 1,348 are still enrolled as Students and 745 have become Associates, 
or their applications are pending. The remaining 2,325 are off the list 


Hon. 




Mem. 

Mem. 

Assoc. 

Total 

1 

640 

6,040 

6,681 



899 



56 




3 

43 



2 

34 



3 

122 



5 

343 




56 


1 

689 

6,427 

7,117 
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by reason of expiration of the three year Student term, or through their 
failure to complete that term. 

Resignations .—The following Members and Associates have resigned 
during the year in good standing. 

Members._T. L. Miller, D. W. Shea, William C. Woodward. 

Associates.—L. Andrews, G. F. Atwater, H. Binnev, G. W. Bissell, 
E. M. Blake, C. E. Boman, J. A. Britton, J. S. Brosius, H. B. Burley, 

K. O. Burrer, R. L. Cadwell, J. R. Carl, M. B. Carroll, F. J. Chisholm, 
Wrn. Christensen, M. D. Church, W. R. Collier, C. A. Cornwall, A. G. 
Coursol, R. Dahlander, N. B. Davis, G. R. Davison, F. B. De Gress, 
R. J. Dunlop, J. J. Ehrenreich, F. W. Field. W. G. Fox, C. E. Frailey, 

D. H. Fry, W. Gale, Jr., F. H. Geer, S. D. Gilbert, G. B. Glassco, S. H. 
Goddard," J. R. Gordon, C. J. Graham, J. H. Granbery, E. W. T. Gray, 

L. H. Haight, F. G. Haldy, B. S. Harrison, H. H. Heaton, W. L. Heden- 
berg, A. S. Hegeman, C. J. Heilman, W. E. Hodge, H. Hollinger, J. C. 
Hunter, E. W. Jodrey, W. P. Judson, Grover Keeth, R. B. Kellogg, A. S. 
Kelly, C. G. R. Kemp, J. S. Kerine, John Langan, A. W. Lee, L. H. Lee, 
J. A’ Leonard, D. R. Lovejoy, E. S. Lytch, R. T. MacKeen, H. E. De M. 
Malan, G. W. Martin, J. A. McCoy, S. A. Mendenhall, C. P. Merrill, 
H. C. Meyer, P. E. Mitchell, E. F. Morrill, F. C. Nelson, L. H. Newbert, 

E. C. Newton, E. W. Niles, Ray Oliphant, A. F. Ormsbee, W. H. Palmer, 
Jr., P. D. Parsons, J. E. Peavey, P. C. Petersen, W. P. Phillips, J. O. 
Plo-wden, J. H. Poole, F. H. Poor, G. L. Pratt, C. Rabello, L. C. Ralston, 
C. J. Ratterman, Arthur Rice, C. D. Richardson, G. B. Roberts, Raymond 
Roth, L. Searing, F. M. Shaw, F. B. Shuford, Mont Sleeth, C. H. Stark¬ 
weather, L. Stocker, F. C. Sutter, Phillip Sweetser, W. M. Talbott, E. A. 
Taylor, E. L. Tessier, R. McK. Thomas, W. H. Thorpe, J. B. Tingley, 
H.C. Trow, R. T. Turnbull, W. E. Ver Planck, E. S. Vinten, W. E. Ward- 
well, K. Watson, W. F. Weber, W. C. Webster, S. F. Weston, H. B. P. 
Wicks, Carl Wiler, R. S. Willis, J. F. Wilson, H J. Wood, J. W. Wright, 
C. R. Wylie. 

Total resignations, 125. 

Deaths .—The following deaths have occurred during the year: 
Members.—S. S. Dickenson, Joseph Wetzler. 

Associates.—R. F. Adams, T. P. Bailey, S. M. Balls, C. K. Batchelder, 
E. A. Bessey, W. H. Browne, H. W. Deeds, R. Dickerson, J. D. E. Duncan, 
G. N. Eastman, E. R. French, A. Henderson, J. Heywood, F. F. Gardner, 
C. W. Hunt, E. J. Jenness, J. D. Keiley, W. C. Kerr, C. J. Larson, F. H. 
Lincoln, K. McCaskill, J. McKenzie, R. J. Nunn, T. G.Odell, J. F. Palecek 
C. E. Robles, A. Spies, Charles Talbott, O. Stephensen, D. A. Wilkes, E. B. 
Wintrobe, J. T. Wolfe, A. V. Woodard, S. Yoshisaki. 

Total deaths, 36. 

Delinquent .—Dropped as delinquent during the year, 348. 
Intermediate Grade of Membership Committee.—The work of this 
committee has consisted chiefly in the gathering of data relating to the 
establishment of a third grade of membership. The committee being so 
widely scattered, it has been deemed wise to call a meeting to be held 
sometime during the Annual Convention. It is also planned to have a 
discussion of the subject by the Section delegates at the convention. 
Indexing Transactions Committee.—The work of this committee has 
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been largely devoted to the perfection of a plan providing for a suitable 
index to the Institute Transactions. The actual work of indexing the 
papers and discussions, however, is now well under way, although the 
work must necessarily be slow at the present time. 

It is the intention to make this index complete in every detail, and vet 
not encumber it with the minutae which fill ordinary indexes. It" is 
planned to have the index so arranged that one in search of information on 
any given subject will first find all papers bearing directly on the subject, 
and then all references which may be parts of other papers or discussions. 

Building Fund.—The amount collected from subscribers during the 
year was $1,672.00. The interest on the bank balance amounted to 
$119.54, making a total of $1,791.54 to the credit of the Building Fund 
during the year. 

LAND, BUILDING AND ENDOWMENT FUND. 

Disbursements. 

Pa^d United Engineering So- 

ciety, acct. of contract.$ 8,000.00 

Paid United Engineering So¬ 
ciety, acct. of mortgage. 126,000.00 

Paid United Engineering So¬ 
ciety, acct. of interest. 19,529.45 

Expenses of Committee. 10,440.73 

Balance in bank. May 1, 1911.. 4,991.37 

Total.$168,961.55 

Finance Committee.—The following correspondence and financial 

statements form a complete summary of the work of the Finance Com¬ 
mittee for the year. 

Board of Directors, May 16, 1911. 

American Institute of Electrical Engineers. 

Dear Sirs: The Finance Committee respectfully submits herewith 
the following report for the year ending April 30, 1911. 

The committee has held regular monthly meetings throughout the 
year. It has examined and approved the expenditures of the Institute 
for various purposes, and has otherwise performed the duties prescribed 
for it in the Constitution and By-Laws. Messrs. Peirce, Struss and 
Company, chartered accountants, have audited the Institute books, 
and their certification of the Institute finances follows. 

Your Secretary, a representative of the firm of chartered accountants, 
and your committee have examined the securities owned by the Institute 
and find them to be in accordance with the accountants’ report. In this 
connection attention may be directed to the purchase by the Institute 
during the past year, of $15,000 par value of Chicago, Burlington & 
Quincy 4% Bonds, the selection being made from the list of securities 
available for legal investment by savings banks in New York and Massa¬ 
chusetts. 

In general it will be seen from the reports submitted that the finances 
of the Institute are in good condition and that the increase in expendi¬ 
tures resultant from increased activities is being successfully met by the 
increase in income. 

Respectfully submitted, 

A. W. Berresford, 
Chairman Finance Committee. 


Receipts. 

Before appointment of Com¬ 


mittee.$ 6,100.00 

Collected by Committee. 147,553.05 

Interest on balances. 6,086.55 

Reimbursement by Institute. .. 9,221.95 


Total.$168,961.55 
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Mr. A. W. Berresford, New York, May 8, 1911. 

Chairman Finance Committee . 

Dear Sir: In accordance with your instructions, we have audited the 
books and accounts of the American Institute of Electrical Engineers 
for the year ended April 30th, 1911. 

The results of this examination are presented in four exhibits, attached 
hereto: as follows:— 

Exhibit “ A ” Balance Sheet, April 30, 1911. 

Exhibit lt B ” Receipts and disbursements for general purposes for 
year ended April 30, 1911. 

Exhibit 11 C ” Receipts and Donations for designated purposes, also 
expenditures for year ended April 30, 1911. 

Exhibit “ D ” Condensed Cash Statement. 

We beg to present attached hereto our certificate to the aforesaid 
exhibits. 

Yours very truly. 

(Signed) Peirce, Struss & Co., 
Certified Public Accountants* 

Mr. A. W. Berresford, New York, May 8, 1911. 

Chairman Finance Committee : 

Dear Sir: Having audited the books and accounts of the American 
Institute of Electrical Engineers for the year ended April 30, 1911, we 
hereby certify that the accompanying Balance Sheet is a true exhibit of 
its financial condition as of April 30, 1911, and that the accompanying 
statements of Cash Receipts and Disbursements are correct. 

(Signed) Peirce, Struss & Co., 

Certified Public Accountants. 



AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 
Balance Sheet, April 30 , 1911 . 


Exhibit A. 


Assets. 

Cash: 

Land, Building and 

Endowment Funds 4,991.37 
General Library fund 264.52 
Compounded Mem¬ 
bership fund. 4,742.99 9,998.88 

Farmers’ Loan and 

Trust ctf. of dep.. 1,000.00 

General cash in bank 18,866.49 
Mailloux fund, inter¬ 
est. 41.35 

Weaver donation. .. 65.44 

International Elec. 

Congress of St. 

Louis Library fund 

interest. 268.77 

Total cash deposit.. 19,242.05 
Secretary’s petty 

cash on hand. . .. 750.00 19,992.05 

Land, Building and 
Endowment fund, 

^ accrued interest.. 43.02 

General Library fund 

accrued interest.. 2.75 

Mailloux Fund ac¬ 
crued interest.... 22.50 

International Elec¬ 
trical Congress of 
St. Louis, 1904, 

Library Fund ac¬ 
crued interest_ 45.00 113.27 


Mailloux fund, prin¬ 
cipal Bond. 

International Elec¬ 
trical Congress of 
St. Louis 1904, 
Library Fund, 

N. Y. City 4* % 
Bonds, due 1917.. 
N.Y. City 4^% Gold 
Bonds, due 1957.. 
Premium on bonds. 
Westinghouse Elec¬ 
tric & Mfg. Co’s. 

Cm b'.'&'q! 4% Bonds 
(15M.), due 1958. 

cost. 

Equity in. Engineer¬ 
ing Societies Build¬ 
ing (25 to 33 West 

39th St.).; 

One-third cost of 
land (25 to 33 
West 39th St.). .. 
Library Volumes and 

Fixtures. 

Transactions. 

Office Furniture and 

Fixtures. 

Works of Art, Paint¬ 
ings, etc. 

Badges. 


45.00 113.27 


30,000.00 

1,952.50 


14,606.25 46.60S.75 


180,000.00 533,346.61 

28,096.17 

8,123.50 


2,543.60 

339.95 46,187.32 


Accounts Receivable: 
Members for current 

dues. 

Members for past 
dues, suspense ac¬ 
count. 7 

Members for en¬ 
trance fees. 

Miscellaneous. 

For Advertising.... 1 

Accrued interest on 

Bonds. 

Accrued interest on 
bank balance. 

Total Assets. 


305.00 

367.93 

1,803.50 


212.38 11,050.31 


4,742.99 

1,063.85 


Liabilities and Surplus. 

Funds: 

Land, Building and 

Endowment Fund 5,034.39 

General Library fund 267.27 

Compounded Mem¬ 
bership Fund. 4,742.99 

Mailloux Fund. 1,063.85 

International Elec¬ 
trical Congress of 
St. Louis 1904, 

Library Fund: 

^ Bonds. 2.26S.00 

Cash, on deposit... 268.77 

Accrued interest_ 45.00 

Reserve, for Furni¬ 
ture and Fixtures. 2 

Accounts payable. 

Subject to ap¬ 
proval by the 
Finance Commit¬ 
tee. 3 


United Engineering 
Society (for cost 
of land). 

Total Liabilities.... 

Surplus: 

In Cash. IS,866.49 

New York City 

_ bonds. 31,952.50 

Chicago, Burlington 

& Quincy Bonds. 14,606.25 
In property and ac¬ 
counts receivable. 532,238.30 


597,663.5 


$671,565.19 I Total Liabilities and surplus.. 671,565,19 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 
Receipts and Disbursements for General Purposes for Year 
Ended April 30 , 1911 . 


Exhibit B. 


Entrance Fees. 
Current Dues.. 
Past Dues. 
Advance Dues. 
Students Dues. 
Transfer Fees.. 
Badges.. 


Receipts. 

. 4,430.00 

.63,550.87 

.5,410.00 

.... 262.00 

V.4,185.00 

... 530.00 

;;. 1 , 845.00 


-S0,212.S7 


Sales, Transactions, etc. 1,271.86 
Subscriptions, Proceed- 

ings. l.,o96.77 

Advertising.9.350.66 

Binding. 

Exchange... .. 20.-6 


12,389.05 


Interest: 

Bonds. 

Bank Balance, 

Royalty. 


1,650.00 
795.30 


2,445.30 

100.00 



Disbursements. 

Stationery and Printing. 2,987.01 

Postage. 2,730.05 

General Expenses. 2,568.01 

Meeting Expenses.4,613.03 

Section Meetings. 6,831.85 

Badges purchased. 1,541.14 

Salaries.11,380.00 

Interest on Mtge. 2,160.00 

Office Furniture. 613.74 

Advertising Expense. .. 3,491.41 
Year Book and Cata¬ 
logue. 2,645.79 

Express. 232.43 

-841,794.46 

Proceedings: 

Printing.$7,777.88 

Paper and Envelopes 5,731.13 

Engraving. 2,224.77 

Binding and Mailing 3,860.32 

Salaries. 3,372.00 

- 22,966.10 

Transactions: 

Vol. 28. 5,474.50 

Vol. 29. 1,084.82 

- 6,559.32 

Library (including salaries).... 3.0S3.30 

United Engineering Society. . 

Assessments for office space.. 4,000.00 

Total.878,403.18 

Excess Receipts over Disburse¬ 
ments. 1 6,744.04 

$95,147.22 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 
Receipts and Donations for Designated Purposes, also Expendi¬ 
tures for Year Ended April 30 , 1911 . 

Exhibit C. 


Receipts. 

Land, Building and Endowment Fund, Donations, Interest, etc. 

General Library Fund, Interest. 

Compounded Membership Fund, Interest. 

International Electrical Congress of St. Louis 1904, Library Fund, Dona¬ 
tions and interest. 

Special Library account. 


Total . 

. 2,270.49 

Expenditures. 

. 32.25 

Compounded Membership Fund. 

Certifi r *flt #:k of Deposit P, T>, & T. fin.-. 

. 506.87 

.. 1,000.00 

y TH^ph nr,p Rond, d iip 1939.. .. .. 

. 986.75 

C, B. & Q. Bonds purchased . 

Special Library account (to be reimbursed) . 

. 14,729.58 

. 77.95 


81,791.54 

6.48 

231.62 

113.85 

127.00 


Total 


17,333.40 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 

Condensed Cash Statement. 

Exhibit D. 

Cash on deposit April 30, 1910. 27 W Pin 

Secretary’s Petty Cash, April 30, 1910.750.00 


Receipts for general purposes, Exhibit “ B . 
Receipts for designated purposes. Exhibit “ C 


95.147.22 

2,270.49 


28,309.80 

97,437.71 


Disbursements for general purposes Exhibit “ B ”. 78 403 18 

Expenditures for designated purposes. Exhibit “ C ”.. 17,333!40 


Balance on hand April 30, 1911.. 

On deposit for designated purposes, Exhibit ** A ”, 

■*On deposit in General cash, Exhibit ** A ”. 

Secretary’s Petty Cash, Exhibit “ A ”. 


9,998.88 

19,242.05 

750.00 


Property acquired during the year, Office Furniture and Fix¬ 
tures. 


*This includes the following unexpended balances: 

Mailloux Fund.. 41 35 

Weaver Donation.65^44 

Int. Elec. Congress of St. Louis Library Fund... 268.77 


125,727.51 

95,736.58 
29,990 93 

29,990.93 

613.74 

375.56 


RECEIPTS AND DISBURSEMENTS PER YEAR PER MEMBER. 
During each fiscal year for the past seven years. 


Year. 

1905 

1906 

1907 

1908 

1909 

1910 

1911 

Membership, April 30, each year.. 

3460 

3870 

4521 

5674 

6400 

6681 

7117 

Receipts per Member. 

812.32 

$12.77 

$12.21 

$13.01 

$13.21 

$13.35 

$13.37 

Disbursements per Member: 

$10.72 

$10.48 

$11.62 

$11.73 

$10.49 

$12.03 

$11.03 

Credit Balance per Member.. .. 

$1.60 

$2.29 

.59 

$1.28 

$2.72 

$1.32 

$2.34 


Respectfully submitted for the Board of Directors, 

RALPH W. POPE, Secretary. 


New Yqrk, May 16, 1911. 





























index 


PAPERS AND DISCUSSIONS 

Application of Current Transformers to Three-Phase Circuits, 

The. (Illustrated.) ( J. R. Craighead.) . 

Choice of Rotor Diameter and Performance of Polyphase Indue- 

tion Motors. (Illustrated.) (Theodore Hoock .). 

Commercial Loading of Telephone Circuits in the Bell System' 

I he. (Illustrated.) (Bancroft Gherardi.) . 

Cost T ?/ f T r ^ sfori ? er Losses * (Illustrated.) {E. CYStone and R. 
W. Atkinson.) . 

Economical Design of Direct-Current Electromagnets, The 

(Illustrated.) (R. Wikander.) . 

Electiic Line Oscillations. (Illustrated.) (G. FaccioUS \ \ \ \ YY 
Electric Strength of Air II, The. (Illustrated.) (John B. White- 
head.) .;. 

Electrolytic Corrosion in Reinforced Concrete. (illustrated.) 

(C. Edward Magnusson and G. H. Smith.) .. 

High-Efficiency Suspension Insulator, The. (Illustrated.) (A 

O. Austin.) .. 

International Electrotechnical Congress of Turin,* The.! .! .! 

Law of Corona and the Dielectric Strength of Air, The. * (illus¬ 
trated.) ( F. W. Peek , Jr.) . 

Magnetic Properties of Iron at Frequencies up to 200,666 Cycles. 

(Illustrated.) ( E. F. W. Alexander son.) . 

Mechanical and Electric Characteristics of Transmission Lines. 

(illustrated.) (.Harold Pender and H. F. Thomson.). 

Methods of Varying the Speed of Alternating-Current Motors’. 

(Illustrated.) (Gus A. Maier .). 

Problems in Telephone Traffic Engineering, (illustrated.) (F. 

P. Valentine.) . 

Report of Board of Directors for’ the ‘ Fiscal ’ Year* Ending* *April 
ou, 1911. 

Sag Calculations for Suspended Wires, (illustrated.*)" " *(P* H 

Thomas.) .. 

Solution to Problems in Sags and Spans, (illustrated.) ’ \Wm. Le 

Roy Robertson.) . 

Standardization Rules of the A. I. E. E...’ ’’ 

1 ables of Hyperbolic Functions in Reference to Long Alternating- 
_ Current Transmission Lines. (Illustrated.) (A. E. Kennelly.) 

I entative Scheme of Organization and Administration, for a 

State University. (Illustrated.) {Ralph D. Mershon.) . 

theory of Commutation and its Application to Interpole Machines. 

A. (Illustrated.) (B. G. Lamme.) . 

Transmission System of the Central Colorado Power Company’ 

(Illustrated.) (P. T. Hanscom.) . .. ;. 

Transmission System of the Great Western Power Company. 

(Illustrated.) (J, P. Jollyman.) . . 

Transmission System of the Great Falls Power Company, (ikf. 

Hebgen.) .. 

Transmission System of the Southern Power Company. (Illus¬ 
trated.) (W. S. Lee.) ... 

Turin Meeting of the International Electrotechnical Commission, 

September 7-13, 1911. < 

Wave Shape of Currents in an Individual Rotor* Conductor of a 
Single-Phase Induction Motor. (Illustrated.) (JET. Weichsel.) . i 


v 




























INDEX OF AUTHORS 




2412 

Adams, C. A., Discussion. (Diustiatea.;. -. • _ ■ q 
A lexanderson, E. F. W., Paper, 2433, Discussion. 

. 1797, 

2159 

1800 

Allen, A. P., Dit>cussion... * rucrnssion . 


2206 

Atkinson, R. W., Paper- 2181, Ul ®^, 1 ^ 1 Y„;; ratc d) 
Austin, A. 0. Paper, 2303; Discussion, (illustrated;.. 


2333 

2282 

Balcomb, Jean Bart, Discussion. 


1765 

Bangs, E. H., Discussion.. . 


2090 

Barker, Harry, Discussion (nlustrateaj. 


2353 

Beebe, M. C., Discussion. 


2449 

Behrend, B. A., Discussion. 


2350 

Brackett, B. B., Discussion. 


2286 

Brown, R. S., Discussion. 

Buck, H W., Discussion. ; ! .'.'..V.'.'. 


2485 

2418 

Burke, James, Discussion (yilustratea;. 

.1799, 

1800 

Campbell, W. Lee,^Discussion. 


2284 

Carpenter, H. V\,_Discussion.j.. 

.1853, 

2015 

Collbohm, Max H., Discussion. 


1767 

Colpitts, E. H., Discussion. 


1768 

Craft, E. B., Discussion. 


2167 

Craighead, J. R-, Pape (Illustrated) . 


2329 

Creighton, E E F., Dwcusaon ' ' .. . 


2292 

Darrow, R. C., Discussion (illustrated;. 


1970 

Davis, Cassius M., Discussion. 


2485 

Dickinson, R. N., Discussion. . . 


2405 

Erben, H. F. T., Discussion. 


1803 

Fechheimer, c!T Discussion 2159 (Illustrated). 


2*185 

2451 

Fessenden, Reginald^., Discussion.. 


2345 

Ford, A. H-, Discussion (Illustrated)... .... • • • • • * • • 
Fowle, Frank F., Discussion 1771, 20o2 (Illustrated). 


2288 

2205 

Gear, H. B., Discussion... •••••• * • *.* • * * y ;. 

Gherardi, Bancroft, Paper, 1743; Discussion. 

....... 1772, 

1799 

2161 



2007 

Hanscom, r. X., xaper.^. 


2348 

Harding, C. xn, Discussion.. 

Hebgen, M., Paper..... ; . . .. : .. 


2002 

1974 

Plendncks, A. li., Jr., Discussion. 


2332 

Hewlett, XX. ivx ., xJiscussion. ..* * 


2085 

Ploadley, George A., Discussion. 

Hobart, H. M., Discussion.. 

Hoock, Theodore, Discussion...* - • 

2125. 2127, 

2107 

2165 

2406 

Hoxie, George ju., Discussion ... 


1765 

Jewett, r. jd., jL/ibcus&iuu ... 

4-1 T TO PoflAt' a 1 


1991 

joiiyman, j • x •> x cipt^x 

TJT vi 1 -\r A T? Pqnpf . ... 


2495 

J^cnriciiy j /V- Hg, x tiptr. ••••*■••* # . ri1 , 

Lamme, B. G., Paper, 2359; Discussion, 2-12t< (Must 
Langsdorf, A. S., Discussion ... 

.rated) . 

....... 2089 

2487 

, 2351 

1 


Lee, W. S., Paper./ • : * ‘ " : 7 

Lincoln, Paul M., Discussion.....J»L>, —SO, ~33l 

MacLaren, Malcolm, Discussion.. *. 

Magnusson, C. Edward, Paper,...*.* * * ■ ■■ ■ y JjVu** 

Maier, Gus A., Paper, 2455; Discussion...*HSo, -*!; *; 

Mailloux, C. O., Discussion.*. 


vi 















































index 


McCollum, Burton, Discussion. 

Mershon, Ralph D., Paper, 2337; Discussion.'.’.’.’ . ’ ‘ ! 

Moore, Charles R., Discussion. 

Neall, N. J., Discussion.2016 

Nicholson, L. C., Discussion. 

Nies, J. D., Discussion.’ *. 

Pastoriza, Hugh, Discussion.. 

Peek, F. W., Jr., Paper, 1889; Discussion.!.*.’.7.‘.7.7.7.7 
Pender, Harold, Paper 2241, Discussion (Illustrated) 

Pikler, A. H., Discussion. . 

Robertson, Wm. Le Roy, Paper, 2209; Discussion’. .. 

Rushmore, D. B., Discussion. 

Ryan, Harris J., Discussion. 

Scott, Charles F., Discussion. 

Shaffer, Guy F., Discussion.* \\. 

Shepardson, G. D., Discussion....... 1770 

Silsbee, F. B.. Discussion. 7777777....’ 

Smith, Allard, Discussion. 

Smith, G. H., Paper. .7777 . 

Smith, W. C., Discussion (illustrated). ’ ’.!;. 

Smith, W. N., Discussion.7 77* 

Steinmetz, C. P., Discussion.1851, 1856, 1966 

Stevenson, E. W., Discussion. 

Stone, E. C., Paper. 

Thomas, P. H., Paper, 2229; Discussion 1856 (Illustrated) ' 
„ 1989, 2298, 

Thomson, H. F., Paper, 2241; Discussion 2284 (Illustrated) 

loch, Maxmilian, Discussion. 

Treat, R. B., Discussion. 

Upson, W. L., Discussion (Illustrated)... 

Valentine, F. P., Paper, 1775; Discussion.’.. 

Vaughan, J. F., Discussion. 

Wagner E. A., Discussion. 


Weichsel, H., Paper, 2103; Discussion. 
Whitehead, J. B., Paper, 1857; Discussion. 

Wikander, R., Paper. 

Wilson, C. E., Discussion. 

Wray, J. G., Discussion. 


2281. 

2015, 


2018, 


2301, 


2283, 


1975, 


2085, 


2450, 


2300, 


2090, 


2080 

2355 

2053 

2333 

2280 

2163 

2285 

1986 

2449 

2200 

2299 

1854 

1976 

2417 

2087 

2352 

2452 

1769 

2055 

2203 

2485 

2490 

2084 

2181 

2331 

2301 

2086 

2421 
2354 
1801 
2017 
2205 
2125 
1984 
2019 

2422 
1770 



















































SYNOPTICAL AND TOPICAL 


INDEX 

OF 

A. I. E. E. TRANSACTIONS 

Vol. XXX, Parts 1, II and III 

Prepared under the supervision of the Committee on Indexing the 
Transactions 

The main headings under which these synopses are classified were arrived 
at by a careful study of all the papers contributed since the organization 
of the. Institute. 

The method of making this classification may be called the automatic 
method, since it is created by sorting the papers themselves into groups 
and then naming the groups. 

Many papers fall naturally into several different groups and in such 
cases they are inserted under as many different heads as it is thought 
they rightfully belong. 

The classified synopses are designed for those searching for compre¬ 
hensive information on any given topic, while the subject index is intended 
for those looking up specific and definite data or information. 
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1. EDUCATION 


TENTATIVE SCHEME OF ORGANIZATION AND ADMINISTRATION, FOR A 
STATE UNIVERSITY 

Ralph D. Mershon Vol. m .— 1911> pp# 2337-2344 

Endeavor to improve the efficiency of university organization system. 
Discussion , pp, 2346-2358 by Messrs. A. H. Ford, C. F. Harding, 
B. B. Brackett, A. S. Langsdorf, George D. Shepardson, M. C. Beebe, 
W. L. Upson and Ralph D. Mershon. 

Ciiticisms of author’s plan. Other plans of organization. 


2. GENERAL THEORY 

MECHANICAL FORCES IN MAGNETIC FIELDS 
Charles P. Steimnetz Vol. pp . 367-385 

Elementary theory of the energy transformation in plunger magnets, 
giving equations for the mechanical work and the efficiency. Brief 
mathematical consideration of the mechanical forces exerted by short- 
circuit currents in transformers, cables and general circuits. 

Discussion , pp. 386-413, by Messrs. A. S. McAllister, G. Faccioli, 
Cassius M. Davis, Mr. Harper, F. C. Green, C. J. Barrow, Henry Pikler, 
John J. Frank, Charles F. Scott, H. C. Cox, V. Karapetoff, K. Faye-Han- 
sen, J. Murray Weed, H. B. Dwight, A. C. Zelewsky, E. Jasse and C. P. 
Steinmetz. 

General discussion of the mechanical forces exerted on short circuits 
in transformers, equations, tests and- experience. Energy transforma¬ 
tions in plunger magnets. 

THE TEMPERATURE GRADIENT IN OIL-IMMERSED TRANSFORMERS 
James Murray Weed Vol. xxx—1911, pp. 427-446 

General discussion of the complex temperature gradient from the hottest 
part of the transformer coil to the external air. Thermal properties of 
various substances. Laws of heat dissipation. 

Discussion incorporated with that of paper by F. C. Green on “ Prob¬ 
lems in the Operation of Transformers.” 

THE DIRECTION OF ROTATION IN ALTERNATING-CURRENT VECTOR 

DIAGRAMS 

Ernst J. Berg Vol. xxx—1911, pp. 576-579 

Advantages of rectangular and polar coordinate systems of representing 
alternating quantities. 

Discussion incorporated with that of paper by W. S. Franklin on 
** Conventions in Clock-Diagram Representation.” 
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SYNOPTICAL INDEX 


CONVENTIONS IN CLOCK-DIAGRAM REPRESENTATION 
W. S. Franklin Vol. xxx—1911, pp. 581-585 

Presentation of clock-diagram with both methods of representing time- 
phase displacement. 

Discussion , (including that of paper by Ernst J. Berg on u The Direction 
of Rotation in Alternating-Current Vector Diagrams ”), pp. 586-596, 
by Messrs. G. L. Hoxie, Charles P. Steinmetz, Louis F. Blume, 0. J. 
Ferguson, and C. A. Adams. 

General discussion of the relative advantages of the polar coordinate 
system and the crank diagram in representing alternating quantities. 

CISOIDAL OSCILLATIONS 

George A. C am pbell Vol. xxx—1911 pp. 873-909 

Development cf system of equations for general electric circuit. Ap¬ 
plication in the calculation of quantities in networks of conductors; 
free oscillations - of eddy currents and skin effect. 

Discussion , pp. 910-913, by Mr. C. L. Cory. 

Physical meaning of author’s equations. 

THE ELECTRIC STRENGTH OF AIR—II 
John B. Whitehead Vol. xxx—1911, pp. 1857-1887 

Account of experimental investigation of various factors which affect 
corona or critical e.m.f. and critical surface intensity at which corona 
forms. Discussion of results with reference to their bearing upon ioni¬ 
zation theory. 

No discussion. 

THE LAW OF CORONA AND THE DIELECTRIC STRENGTH OF AIR 
F. W. Peek, Jr. Vol. xxx—1911, pp. 1889-1965 

Account of extensive investigations of corona and dielectric phenomena 
on a 230,000-volt transmission line. Study of the effects of various at¬ 
mospheric conditions; of wire diameter, spacing and nature of surface; 
and of frequency, etc., on dielectric phenomena. Methods of measuring 
corona losses. Development of formulas for expressing the relations be¬ 
tween the various factors. Results tabulated and plotted as curves. 

Discussion , pp. 1966-1988, by Messrs. C. P. Steinmetz, Cassius M. 
Davis, A. B. Hendricks, Jr., Charles F. Scott, Harris J. Ryan, John 
B. Whitehead and F. W. Peek, Jr. 

Results of other corona tests. Relation between critical e.m.f. and 
diameter-giving critical diameter. Comparison of results of Dr. White- 
head and Mr. Peek with earlier experimental work. Terminology of 
dielectric phenomena. Dielectric strength of oil under pressure. 

A THEORY OF COMMUTATION AND ITS APPLICATION TO INTERPOLE 

MACHINES 

B. G. Lamme Vol. xxx—1911, pp. 2359-2404 

Development of theory of commutation with method of calculation 
based on fundamental law of electromagnetic induction. Analysis of 
various fluxes and their effect on commutation. Design of interpoles. 


S YNOP TIC A L INDEX 


Discussion, pp. 2405-2431, by Messrs. H. F. T. Erben, Geo. L. Hoxie, 
II. M. Hobart, Malcolm MacLarcn, C. A. Adams, (\ F. Scott, James 
Burke, R. B Treat, C. E. Wilson, and B. G. Lamme. 

Theoretical and experimental methods of studying commutation. 

TABLES OF HYPERBOLIC FUNCTIONS IN REFERENCE TO LONG ALTERNATING- 
CURRENT TRANSMISSION LINES 

A. E. Kennelly Vol. xxx1911, pp. 2495-2506 

Formula for use with hyperbolic functions in calculation of long trans¬ 
mission lines. Tables calculated for this purpose. Examples oi t he use 
of the formulas and tables in calculation of different types of lines. Bibli¬ 
ography of tables of complex hyperbolic functions. 

No discussion. 


3. MEASUREMENTS AND INSTRUMENTS 

HIGH-TENSION TESTING OF INSULATING MATERIALS 
A. B. Hendricks, Jr. Vol. xxx 1911, pp. 167-213 

Outline of methods of testing the dielectric* properties of materials, 
covering briefly general conditions, choice of apparatus, factors which 
affect, the results and properties of commercial insulating materials. 
Description of the method used by the author for standard tests and re¬ 
sults of numerous tests on commercial materials given in the form of 
curves. Design of new type of spark gap for oil testing. 

Discussion , incorporated with that of paper by II. E. Wilson oil M Com¬ 
mercial Problems of Transformer Design. M 

COMMERCIAL PROBLEMS OF TRANSFORMER DESIGN 
ri. R. Wilson Vol. xxx 1911, pp. 219-223 

Brief mention of some of the commercial factors which enter into the 
design of transformers. 

Discussion, (including that of paper by A, B. Hendricks, Jr., on "High- 
Tension Testing of Insulating Materials," and W. J. Wooldridge on 
M Hysteresis and Eddy Current Exponents for Silicon Steel), pp. 224-243, 
by Messrs. Charles P. Steinmetz, Henry Pikler, Ralph I). Mershon, 
William B. Puffer, A. S. McAllister, L. T. Robinson. George P, Heaver, 
J. R. Craighead, J. L. R. Hayden, F. M. Farmer, H, L. Schermerhorn, 
E. M. Hewlett, W. J. Poster, Charles F. Scott, O. A. Adams, and William 
A. Del Mar. 

Relative merits of various methods measuring high e.m.f. Outline 
of proper method of. insulating electrical machinery. Analytical study 
of stress distribution in cable insulation with proposed explanat ion of early 
breakdown in inner layers of insulation. 

TEST OF LOSSES ON HIGH-TENSION LINES 
G. Face toll Vol. xxx 1911, pp. 337-355 

Description of corona loss tests on lines of Central Colorado Power 
Company. Methods of measurement. Results in form of curves and 
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in tables. Experimental law of corona loss. Equation of actual corona 
e.m.f. as function of spacing and diameter. 

Discussion , (including that of paper by J. H. Cunningham on “ Design 
Construction and Test of an Artificial Transmission Line;” paper by 
E. E. F. Creighton on “ Protection of Electrical Transmission Lines" 
and paper by C. I. Burkholder and R. H'. Marvin on u Tests of Arcing- 
Ground Suppressor on the 40,000-Volt System of the Southern Power 
Company ”), pp. 356-365, by Messrs. Ralph D. Mershon, Charles S. 
Ruffner, L. C. Nicholson, Taylor Reed, J. L. R. Hayden, F. W. Peek, Jr., 
L. T. Robinson, Charles F. Scott, G. Faccioli and E. E. P. Creighton.’ 

Discussion of corona loss and critical e.m.f. laws. Experimental 
determinations. Actual distribution of insulator flash-overs among the 
three conductors of a three-phase line. Protection of lines from insulator 
spill-overs. 


COMMERCIAL TESTING OF SHEET IRON FOR HYSTERESIS LOSS 
L. T. Robinson V ol . xxx—1911, pp. 741-760 

Outline of the requirements of a shop method of testing iron. Des¬ 
cription of testing outfits developed by the author, with results of tests 
of commercial iron. Relative accuracy and cost of testing compared with 
Epstein method. 

Discussion, incorporated with that of paper by Malcolm MacLaren 
on The Effect of Temperature upon the Hysteresis Loss in Sheet Steel.” 


THE EFFECT OF TEMPERATURE UPON THE HYSTERESIS LOSS IN SHEET STEEL 
Malcolm MacLaren Vol. xxx-1911, pp . 761-775 

Description of iron-loss tests on samples of iron at temperatures up 
to non-magnetic point. Eddy-current and hysteresis coefficients and 
value of hysteresis loss plotted with temperature for different densities. 
Also a description of method of measuring hysteresis loss directly. 

_ Discussion, (including that of paper by L. T. Robinson on “ Commercial 

nTlN She6t Ir ° n for H y steresis Loss ”). PP- 776-802, by Messrs. 
C; H Sharp, Edwin F. Northrup, J. A. Capp, L. W. Chubb, R. B. Treat, 

w l F 00 ! dridge ’ W ' R ' Whitne y- C - J- Fechheimer, C. A. Adams, 
.' ran klin, Malcolm MacLaren, L. T. Robinson, Henrv Pikler, 
M. G. Lloyd and J. D. Ball. 

General remarks on commercial methods of testing magnetic 
properties of iron. Relation between flux density and hysteresis expo¬ 
nent. Method of calculating the hysteresis exponent from observed iron 
losses. 


A POWER DIAGRAM INDICATOR FOR HIGH-TENSION CIRCUITS 
Harris J. Ryan Vol. xxx — 1911, PP . 1089-1113 

Cathode ray power indicator—its theory of operation and its mode 
o construction. Account of tests made with power indicator, demon¬ 
strating its accuracy and usefulness. Measurement of very low power 
at high e.m.f. Photographs of apparatus and connection diagrams. 

Discussion , pp. 1114-1119 by Messrs. E. F. Scattergood, C. L. Corv, 
J* J. Frank, Ralph D. Mershon, H. J. Ryan and R. W. Sorensen. 

. General remarks on the uses and advantages of the cathode-ray power 
indicator. 
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ELECTRIC LINE OSCILLATIONS 

Faccioli Vol. xxx—1911, pp. 1803-1850 

Account of switching tests on 100,000-volt transmission system of the 
Great Western Power Company. Detailed discussion of large number of 
oscillograms. Recommendation for switching on high-tension systems. 
Appendix by W. W. Lewis on construction and operation of the photo¬ 
graphic attachment to the oscillograph. 

Discussion, pp. 1851-1856, by Messrs. C-. P. Steinmetz, Max H. Coll- 
toohm, D. B. Rushmore and Percy H. Thomas. 

THE LAW OF CORONA AND THE DIELECTRIC STRENGTH OF AIR 

W. Peek, Jr. Vol. xxx—1911, pp. 1889-1965 

Accounts of extensive investigations of corona and dielectric phenomena 
on a 230,000-volt transmission line. Study of the effects of various 
atmospheric conditions of wire diameter, spacing and nature of surface, 
and of frequency, etc., on dielectric phenomena. Methods of measuring 
corona losses. Development of formulas for expressing the relations 
between the various factors. Results tabulated and plotted as curves. ' 

Discussion , pp. 1966-1988, by Messrs. C. P. Steinmetz, Cassius M. 
Davis, A. B. Hendricks, Jr., Charles F. Scott, Harris J. Ryan, John B. 
Whitehead and F. W. Peek, Jr. 

Results of other corona tests. Relation between critical e.m.f. and 
diameter giving critical diameter. Comparison of results of Dr. White- 
head. and Mr. Peek with earlier experimental work. Terminology of 
dielectric phenomena. Dielectric strength of oil under pressure. 

XHE APPLICATION OF CURRENT TRANSFORMERS TO THREE-PHASE CIRCUITS 
J. It. Craighead Vol. xxx — pp 2167-2179 

Analysis of the performance of series transformers with secondaries 
interconnected in various ways, the primaries being included in polyphase 
circuits. 

Discussion, incorporated with that of paper by Messrs. E. C. Stone 
and R. W. Atkinson.on “ Cost of Transformer Losses.” 

MAGNETIC PROPERTIES OF IRON AT FREQUENCIES UP TO 200,000 CYCLES 
E. E. W. Alexanderson Vol. xxx—1911, pp. 2433-2448 

Measurements of magnetizing core loss and skin effect at high frequen¬ 
cies. Method of measuring power at high frequency. Relation between 
the various factors and frequency plotted as curves. 

^ Discussion, pp. 2449-2454, by Messrs. Harold Pender, B. A. Behrend, 
Charles P. Steinmetz, Reginald A. Fessenden and F. B. Silsbee. 

Rehavior of iron at high frequency. 


4. DIELECTRIC PHENOMENA 

OIPEN ATMOSPHERE AND DRY TRANSFORMER OIL AS HIGH VOLTAGE 
. Y ^ INSULATORS 

Karris J. Ryan Vol. xxx—1911, pp. 1-76 

Analytical study of corona formation and the factors which influence 
it, covering practically all the work that has thus far been done by the 
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author and other investigators. Complete references to all original work. 
Brief explanation of the ionization theory, which is applied to explain the 
phenomena that take place on high-tension lines. Laws formulated for 
calculation of critical e.m.f. under all conditions. 

Discussion , incorporated with that of paper by E. L. West on “ High 
Voltage Line Loss Tests made on the 100-Kilovolt, 60-Cycle, ISO-Mile 
Transmission Line of the Central Colorado Power Company.” 

HIGH-VOLTAGE LINE LOSS TESTS MADE ON THE lOO-KILOVOLT, 60-CYCLE, 
180-MILE TRANSMISSION LINE OF THE CENTRAL COLORADO POWER 

COMPANY 

E. L. West Vol. xxx—1911, pp. 77-85 

Communication to Professor Ryan by the author, giving detailed 
results of tests on extensive transmission system with and without load. 

Discussion , (including that of paper by Harris J. Ryan on “ Open 
Atmosphere and Dry Transformer Oil as High-Voltage Insulators ”) 
pp. 86-130, by Messrs. M. I. Pupin, G. Faccioli, C. P. Steinmetz, William 
S. Stanley, J. B. Whitehead, Erich Hausmann, Samuel Sheldon, H. W. 
Fisher, J. E. Noeggerath, A. E. Kennedy, F. W. Peek, Jr., George L. 
Hoxie, A. B. Hendricks, Jr., J. A. Koontz, C. E. Bennett, and Harris J. 
Ryan. General discussion of Professor Ryan’s conclusions. Criticism 
and defense of electron theory. Formula for practical corona calculations 
on long-distance lines. Method of constructing minute needle points. 
Relation between conductivity of gases and vapors and corona phenomena. 
Results of tests on high-tension lines and also with short-spark discharge 
apparatus. 

HIGH-TENSION TESTING OF INSULATING-MATERIALS 
A. B. Hendricks, Jr. Vol. xxx—1911, pp. 167-213 

Outline of methods of testing the dielectric properties of materials, 
covering briefly general conditions, choice of apparatus, factors which 
affect the results and properties of commercial insulating materials. 
Description of the method used by the author for standard tests and 
results of numerous tests on commercial materials given in the form of 
curves. Design of new type of spark gap for oil testing. 

Discussion , incorporated with that of paper by H. R. Wilson on “ Com¬ 
mercial Problems of Transformer Design.” 

COMMERCIAL PROBLEMS OF TRANSFORMER DESIGN 
H. R. Wilson Vol. xxx—1911, pp. 219-223 

Brief mention of some of the commercial factors which enter into the 
design of transformers. 

Discussion , (including that of paper by W. J. Wooldridge on “Hysteresis 
and Eddy Current Exponents for Silicon Steel), pp. 224-243, by Messrs. 
Charles P. Steinmetz, Henry Pikler, Ralph D. Mershon, William L. Puffer, 
A. S. McAllister, L. T. Robinson, Geo. F. Seaver, J. R. Craighead, J. L. 
R. Hayden, F. M. Farmer, H. L. Schermerhorn, ,E, M. Hewlett, W. F. 
Foster, Charles F. Scott, C. A. Adams, and William A. Del Mar. 

Relative merits of various metho ds of measuring high e.m.f. Out¬ 
line of proper method of insulating electrical machinery. Analytical study 
of stress distribution in cable insulation with proposed explanation of early 
breakdown in inner layers of insulation. - - 
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TESTS OF LOSSES ON HIGH-TENSION LINES 
G. Faccioli Vol. xxx—1911, pp. 337-3S5 

Description of corona loss tests on lines of Central Colorado Power 
• Company. Methods of measurement. Results in form of curves and in 
tables. Experimental law of corona loss. .Equation of actual corona e.m.f. 
as function of spacing and diameter. 

Discussion , (including that of paper by J. H. Cunningham on “ Design, 
Construction and Test of an Artificial Transmission Line;” paper by 
E. E. F. Creighton on “ Protection of Electrical Transmission Lines” 
and paper by C. I. Burkholder and R. H. Marvin on ‘ Tests of Arcing 
Ground Suppressor on the 40,000-Volt System of the Southern Power 
Company,”) pp. 356-365, by Messrs. Ralph D. Mershon, Charles S. 
Ruffner, L. C. Nicholson, Taylor Reed, J. L. R. Hayden, F. W. Peek, Jr., 
L. T. Robinson, Charles F, Scott, G. Faccioli and E. E. F. Creighton. 

Discussion of corona loss and critical e.m.f. laws. Experimental deter* 
minations. Actual distribution of insulator flash-overs among the three 
conductors of a three-phase line. Protection of lines from insulator spill- 


THE ELECTRIC STRENGTH OF AIR—II 


John B. Whitehead 


Vol. xxx—1911, pp. 1857-1887 


Account of experimental investigation of various factors which affect 
corona or critical e.m.f. and critical surface intensity at which corona 
forms. Discussion of results with reference to their bearing upon ioniza¬ 
tion theory. 

No discussion. 


THE LAW OF CORONA AND THE DIELECTRIC STRENGTH OF AIR 


F. W. Peek, Jr. 


Vol. xxx—1911, pp. 1889-1965 


Account of extensive investigations of corona and dielectric phenomena 
on a 230,000-volt transmission line. Study of the effects of various 
atmospheric conditions of wire diameter, spacing and nature of surface, 
and of frequency, etc., on dielectric phenomena. Methods of measuring 
corona losses. Development of formulas for expressing the relations 
between the various factors. Results tabulated and plotted as curves. 

Discussion , pp. 1966-1988, by Messrs C. P. Steinmetz, Cassius M. 
Davis, A. B. Hendricks, Jr., Charles F. Scott, Harris J. Ryan, John B. 
Whitehead and F. W. Peek, Jr. 

Results of other corona tests. Relations between critical e.m.f. and 
diameter giving critical diameter. Comparison of results of Dr. Whitehead 
and Mr. Peek with earlier experimental work. Terminology of dielectric 
phenomena. Dielectric strength of oil under pressure. 


THE HIGH-EFFICIENCY SUSPENSION INSULATOR 


A. O. Austin 


Vol. xxx—1911, pp. 2303-2328 


Mathematical study of the efficiency of different shapes and types of 
suspension insulator. Judging an insulator by flash-over tests. Design of 
insulators for high tension. 

Discussion, pp. 2329-2335, by Messrs. E. E. F. Creighton, Paul M. 
Lincoln, P. H. Thomas, E. M. Hewlett, N. J. Neall and A. O. Austin. 

Behavior of insulators under high-tension stresses. Distribution of 
stresses between several parts of link insulators. 
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5. ELECTRIC CONDUCTORS 

ELECTROLYTIC CORROSION IN REINFORCED CONCRETE 
C. EdwaxdlMagnusson and C. H. Smith Vol. xxx-1911, pp. 2055-2079 

Account of experimental investigation of damage done by stray currents 
m reinforced concrete. Study of various methods of protecting reinforce¬ 
ment from corrosion. 

Discussion, pp. 2080-2101, by Messrs. Burton McCollum, E. W. Steven¬ 
son, G. G. Shepardson, George A. Hoadley, A. S. Langsdorf, Max- 
mihan Toch, Guy F. Shaffer, Harry Barker and W. L. Upson. 

Description of similar investigations by the Bureau of Standards and 
others. Criticism of the authors' methods, especially of the high e.m.fs 

used. Account of actual example of corrosion in a building. 


6. MAGNETIC PROPERTIES AND TESTING OF IRON 

HYSTERESIS AND EDDY-CURRENT EXPONENTS FOR SILICON STEEL 

W. J. Wooldridge Tr , 

6 Vol. xxx—1911, pp. 215-217 

Results of tests plotted in the form of curves. 

Discussion, incorporated with that of paper by H. R. Wilson on “ Com- 
mercial Problems of Transformer Design ,** 


COMMERCIAL TESTING OF SHEET IRON FOR HYSTERESIS LOSS 
L. T. Robinson tr 

Vol. xxx 1911 pp. 741-760 

Outline of the requirements of a shop method of testing iron. Descrio- 
lon of testing outfits developed by the author, with results of tests of 

E~ C method.‘ RektiVe aCCUraC> ’ and C ° St ° f t6Sting C ° mpared with 

“ i n ^ or P° rated with that of paper by Malcolm MacLaren on 

the Effect of Temperature upon the Hysteresis Loss in Sheet Steel." 


THE EFFECT OF TEMPERATURE UPON THE HYSTERESIS LOSS IN SHEET STEEL 
Malcolm MacLaren 

Vol. xxx—1911, pp. 761-775 

t°r riPti °\ 0f ir ° n l0S V eStS ° n SEmpleS 0f iron at temperatures up 
value : “" magnetic . p ° mt - Edd y current and hysteresis coefficients and 

Alsn alt r 513 !° SS P !. 0 ! ted mth tem P era t ure for different densities. 
Also a description of method of measuring hysteresis loss directly 

Tefwof Shee? T 1Ud ^ g ? ° f by L ; T ‘ R ° binSon 011 “ Commercial 
1 estmg of Sheet Iron for Hysteresis Loss ”) pp. 776-802, by Messrs C H 

wo ar ,d^ ortbrup ’ J - A - Capp - L -” Chubb, r. b.w;S. j: 

Frank-ru g M T'i R 'i\? hl T tney ’ J- Fechheimer, C. A. Adams, W. S. 

JoyaSdi aSn! “ L,r “' L ' T ' Robin “"’ H “' p m. a 

General remarks on commercial methods of testing magnetic properties 
of iron. Relation between flux density and hysteresis exponent Method 
of calculating the hysteresis exponent from observed iron losses. 
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magnetic properties of iron at frequencies UP TO 200,000 CYCLES 

E. F. W. Alexanderson VoL xxx—1911, pp 2433-2448 

Measurements of magnetizing core loss and skin effect at high fre¬ 
quencies. Methods of measuring power at high frequency. Relation 
between the various factors and frequency plotted as curves. 

Discussion, pp. 2449-2454, by Messrs. Harold Pender, A. B. Behrend 
Charles P. Steinmetz, Reginald A. Fessenden, F. B. Silsbee. 

Behavior of iron at high frequency. 


8. TRANSFORMERS 


OPEN ATMOSPHERE AND DRY TRANSFORMER OIL 

tt . T _ INSULATORS 

Hams J. Ryan 


AS HIGH-VOLTAGE 
Vol. xxx—1911, pp. 1-76 


Analytical study of corona formation and the factors which influence it, 
covering practically all the work that has thus far been done by the 
author and other investigators. Complete references to all original work. 
Brief explanation of the ionization theory, which is applied to explain the 
phenomena that take place on high tension lines. Laws formulated for 
calculation of critical e.m.f. under all conditions. 

r Discussion , incorporated with that of paper by E. L. West on “ High 
Voltage Line Loss Tests made on the 100-Kilovolt, 60-Cycle, 180-Mile 
Transmission Line of the Central Colorado Power Company.” 


COMMERCIAL PROBLEMS OF TRANSFORMER DESIGN 
H. R. Wilson Vol. xxx — 1911j pp 219-223 

Brief mention of some of the commercial factors which enter into the 
design of transformers. 


Discussion , (including that of paper by A. B. Hendricks, Jr., on “ High 
Tension Testing of Insulating Materials ” and W. J. Wooldridge on “ Hys¬ 
teresis and Eddy Current Exponents for Silicon Steel ”), pp. 224-243, by 
Messrs. Charles P. Steinmetz, Henry Pikler, Ralph D. Mershon, William L. 
Puffer, A. S. McAllister, L. T. Robinson, George F. Seaver, J. R. Craig¬ 
head, J. L. R. Hayden, F. M. Farmer, H. L. Schermerhorn, E. M. Hewlett, 
W. J. Foster, Charles F. Scott, C. A. Adams, and William A. Del Mar. 

Relative merits of various methods of measuring of high e.m.f. Outline 
of proper method of insulating electrical machinery. Analytical study of 
stress distribution m cable insulation with proposed explanation of early 
breakdown in inner layers of insulation. 


MECHANICAL FORCES IN MAGNETIC FIELDS 
Charles P. Steinmetz Vol. xxx — 1911 ^ pp 367-38g 

. Element ary theory of the energy transformation in plunger magnets, 
giving equations for the mechanical work and the efficiency. Brief 
mathematical consideration of the mechanical forces exerted by short- 
circuit currents in transformers, cables and general circuits. 

Discussion, pp. 386-413, by Messrs. A. S. McAllister, G. Faccioli 
Cassius M. Davis, Mr. Harper, F. C. Green, C. J. Barrow, Henry Pikler! 
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John J. Frank, Charles F. Scott, H. C. Cox, V. Karapetoff, K. Faye- 
Hansen, J. Murray Weed, H. B. Dwight, A. C. Zelewsky, E. Jasse and 
C. P. Steinmetz. 

General discussion of the mechanical forces exerted on short circuits 
in transformers, equations, tests and experience. Energy transformations 
in plunger magnets. 


THE REGULATION OF DISTRIBUTING TRANSFORMERS 
C. E. Allen Vol. xxx—1911, pp. 415-426 

Comparison of a number of the most important regulation formulas. 
Effect of different electric and magnetic constants upon regulation 
characteristics with varying power-factor. Modern winding construction 
for good regulation. 

Discussion, incorporated with that of paper by F. C. Green on “ Prob¬ 
lems in the Operation of Transformers.” 

THE TEMPERATURE GRADIENT IN OIL IMMERSED TRANSFORMERS 
James Murray Weed Vol. xxx—1911, pp. 427-446 

General discussion of the complex temperature gradient from the 
hottest part of the transformer coil to the external air. Thermal proper¬ 
ties of various substances. Laws of heat dissipation. 

Discussion , incorporated with that of paper by F. C. Green on “ Prob¬ 
lems in the Operation of Transformers.” 

DISSIPATION OF HEAT FROM SELF-COOLED, OIL-FILLED TRANSFORMER 

TANKS 

J. J. Frank and H. O. Stephens Vol. xxx —1911, pp. 447-456 

Description of various modern types of transformer tanks, followed by 
results of tests bearing on the relative merits of each type in the dissipa¬ 
tion of heat. 

Discussion , incorporated with that of paper by F. C. Green on 11 Prob¬ 
lems in the Operation of Transformers.” 


PROBLEMS IN THE OPERATION OF TRANSFORMERS 
F. C. Green Vol. xxx—1911, pp. 457-475 

Directions for installing and caring for transformers. Sources of 
trouble in operation. Single-phase and polyphase connections, also 
connections that breed trouble. 

Discussion , (including that of paper by James Murray Weed on u The 
Temperature Gradient in Oil-Immersed Transformers ” and paper by 
J. J. Frank and H. 0. Stephens on “ Dissipation of Heat from Self- 
Cooled, Oil-Filled Transformer Tanks ”), pp. 476-494, by Messrs. W. S. 
Moody, Henry Pikler, E. G. Reed, Louis F. Blume, E. A. Wagner, C. 
A. Adams, A. E. Walden, Ralph D. Mershon, C. W. Stone, E. F. Alex- 
anderson, C. P. Steinmetz, J. M. Weed, R. W. Atkinson and C. E. Allen. 

General discussion of the regulation, cooling and protection of trans¬ 
formers from short-circuits. 
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COMMERCIAL TESTING OF SHEET IRON FOR HYSTERESIS LOSS 
L. T. Robinson Vol. xxx—1911, pp. 741-760 

Outline of the requirements of a shop method of testing iron. Descrip¬ 
tion of testing outfits developed by the author, with results of tests of 
commercial iron. Relative accuracy and cost of testing compared with 
Epstein method. 

Discussion , incorporated with that of paper by Malcolm MacLaren 
on “ The Effect of Temperature upon the Hysteresis Loss in Sheet Steel.” 


THE APPLICATION OF CURRENT TRANSFORMERS TO THREE-PHASE CIRCUITS 
J. R. Craighead Vol. xxx—1911, pp. 2167-2170 

Analysis of the performance of series transformers with secondaries 
interconnected in various ways, the primaries being included in polyphase 
circuits. 

Discussion , incorporated with that of paper by Messrs. E. C. Stone and 
R. W. Atkinson on 11 Cost of Transformer Losses.” 

COST OF TRANSFORMER LOSSES 

E. C. Stone and R. W. Atkinson Vol. xxx—1911 pp. 2181-2199 

Classification of transformer losses and complete analytical discussion 
of the cost of various losses under various operating conditions. 

Discussion , (including that of paper by J. R. Craighead on 11 The 
Application of Current Transformers to Three-Phase Circuits ”), pp. 
2200-2207, by Messrs. A. H. Pikler, W. C. Smith, E. A. Wagner, H. B. 
Gear, and R. W. Atkinson. 

Progress in transformer design in a period of 12 years. Importance 
of long life as compared with energy efficiency. 

MAGNETIC PROPERTIES OF IRON AT FREQUENCIES UP TO 200,000 CYCLES 
E. F. W. Alexanderson Vol. xxx—1911, pp. 2433-2448 

Measurements of magnetizing core loss and skin effect at high fre¬ 
quencies. Method of measuring power at high frequency. Relation 
between the various factors and frequency plotted as curves. 

Discussion , pp. 2449-2454, by Messrs. Harold Pender, B. A. Behrend, 
Charles P. Steinmetz, Reginald A. Fessenden and F. B. Silsbee. 
Behavior of iron at high frequency. 


9. ELECTRICAL MACHINERY AND APPARATUS 

MECHANICAL FORCES IN MAGNETIC FIELDS 
Charles P. Steinmetz Vol. xxx—1911, pp. 367-386 

Elementary theory of the energy transformation in plunger magnets, 
giving equations for the mechanical work and the efficiency. Brief 
mathematical consideration of the mechanical forces exerted by short- 
circuit currents in transformers, cables and general circuits. 

Discussion , pp. 386-413, by Messrs. A. S. McAllister, G. Faccioli, 
Cassius M. Davis, Harper, F. C. Green,. C. J. Barrow, Henry 
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Pikler, John J. Frank, Charles F. Scott, H. C. Cox, V. Karapetoff, IC. 
Fave-Hansen, J. Murray Weed, H. B. Dwight, A. C. Zelewsky, E. Jasse 
and C. P. Steinmetz. 

General discussion of the mechanical forces exerted on short circuits 
in transformers, equations, tests and experience. Energy transformations 
in plunger magnets. 


VOLTAGE REGULATION OF GENERATORS 
H. A. Laycock Vol. xxx—1911, pp. 555-571 

Outline of requirements of generator and exciters essential to successful 
application of automatic regulation. Description of Tirrill regulator 
applied to alternating-current and direct-current systems. Examples of 
very large installations. 

Discussion , pp. 5/2-5/3, by Messrs. H. G. Reist, Carl J. Fechheimer, 
and E. F. Alexanderson. 

Desirability of poor inherent regulation of large generators. 

FLYWHEEL LOAD EQUALIZER 

W. N. Hotter and L. L. Tatum Vol. xxx—1911, pp . 729-739 

Description of a fly-wheel-generator installation designed to take the 
sudden peak loads encountered in the operation of ore bridges. Results 
of tests of power consumption and actual saving in the cost of handling 
the ore. 

No discussion. 


THE USE OF POWER-LIMITING REACTANCES WITH LARGE TURBO¬ 
ALTERNATORS 

R. F. Schuchardt and E. O. Schweitzer Vol. xxx—1911, pp. 1143-1194 

Detailed account of exhaustive tests made to determine the action of 
reactors in the leads of turbo-generators under various conditions, with 
respect to the effect on the generators, on the secondary apparatus and on 
the stability of the system. Oscillograms of currents and e.m.fs. are given 
for each test. Bibliography. 

Discussion , incorporated with that of paper by Charles P. Steinmetz 
on “ Development of the Modern Central Station.” 


INDUCTION MACHINES FOR HEAVY 
E. F. W. Alexanderson 


SINGLE-PHASE MOTOR SERVICE 

Vol. xxx—1911, pp. 1357-1369. 


Description, theory and performance characteristics of phase converter 
for changing single-phase to polyphase energy. 

„ ^ iscussio ”< incorporated with that of paper by William S. Murray on 
Electrification Analyzed, and Its Practical Application to Trunk Line 
Roads, Inclusive of Freight and Passenger Operation.” 


AUTOMATIC MOTOR CONTROL FOR DIRECT-CURRENT MOTORS 
Arthur C. Eastwood Tr , 

Vol. xxx—1911, pp. 1519-1537 

Advantages of automatic control over manual and description of 
various types of series current-limit controllers, with curves and data 
on their actual performance in operation. 
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Discussion , pp. 1538-1545, by Messrs. E. J. Murphv, Arthur C. East- 
wood, Ragner Wikander and Theodore Varney. 

Experience in the design of series current-control contactors. 

THE ECONOMICAL DESIGN OF DIRECT-CURRENT ELECTROMAGNETS 
R. Wikander Vol. xxx — 1911j pp 2019-2051 

General formulas for pull of plunger type electromagnets. Analysis of 
t e design for minimum cost and minimum energy loss in plunger magnets 
tor different classes of continuous and intermittent service. Formulas 
and diagrams developed for direct solution of the problem of selecting 
nux, density and dimensions. 

Discussion, pp. 2052-2054, by Messrs. Frank F. Fowle and Charles R 
Moore. 

. Design of electromagnets for light duty. Use of polar enlargements for 
increasing the pull. 

WAVE SHAPE OF CURRENTS IN AN INDIVIDUAL ROTOR CONDUCTOR OF A 
SINGLE-PHASE INDUCTION MOTOR 

H. Weichsel Vol. xxx—1911, pp. 2103-2124 

Analysis of wave shapes of rotor currents by resolving rotor field into 
two components at right angles to each other. 

Discussion, pp. 2125-2126, by Messrs. Theodore Hoock and H. Weichsel. 

. J elatlon between no-load and magnetizing currents of single-phase 
induction motor. 


CHOICE OF ROTOR DIAMETER AND PERFORMANCE OF POLYPHASE 
INDUCTION MOTORS 

Theodore Hoock Vol. xxx—1911, pp. 2127-2158 

Development of a rational method for determining the relations 
between the mechanical dimensions and the performance characteristics 
of polyphase induction motors. Method for laying out a line of induction 
motors. 

Discussion, pp. 2159-2166, by Messrs. E. F. W. Alexanderson, C. T. 
Fechheimer, S. Haar, J. D. Nies and Theodore Hoock. 

A THEORY OF COMMUTATION AND ITS APPLICATION TO INTERPOLE 

machines. 

* ' Lamme Vol. xxx—1911, pp. 2359-2404 

Development of theory of commutation with method of calculation 
based on fundamental law of electromagnetic induction. Analysis of 
various fluxes and their effect on commutation. Design of interpoles. 

Discussion, pp. 2405-2431, by Messrs. H. F. T. Erben, George L. 
Hoxie, H. M. Hobart, Malcom MacLaren, C. A. Adams, C. F Scott 
James Burke, R. B. Treat, C. E. Wilson, and B. G. Lamme. 

Theoretical and experimental methods of studying commutation. 

MAGNETIC PROPERTIES OF IRON AT FREQUENCIES UP TO 200,000 CYCLES 
E. F. W. Alexanderson Vol. xxx- 1911 , pp. 2433-2448 

Measurements of magnetizing core loss and skin effect at high fre¬ 
quencies, Method of measuring power at high frequency. 






16 


SYNOPTICAL INDEX 


Relation between the various factors and frequency plotted as curves. 

Discussion, pp. 2449-2454, by Messrs. Harold Pender, B. A. Behrend, 
Charles P. Steinmetz, Reginald A. Fessenden, and F. B. Silsbee. 

Behavior of iron at high frequency. 

METHODS OF VARYING THE SPEED OF ALTERNATING-CURRENT MOTORS 
Gus A. Maier Vol. xxx—1911, pp. 2455-2484 

Classification of types of varying and adjustable speed alternating- 
current motors. Comprehensive description o.f various types of speed 
control for induction and commutator motors, including rheostatic 
compensator, brush shifting, pole changing, concatenation, frequency 
changer and regulating motors. 

Discussion, pp. 2485-2494, by Messrs, H. V. Buck, R. N. Dickinson, 
W. N. Smith, G. A. Maier, C. J. Fechheimer, B. G. Lamme, C. P. Stein¬ 
metz and C. O. Mailloux. 

Description of additional methods of speed variation. 


11. POWER PLANTS 

COMMENTS ON FIXED COSTS IN INDUSTRIAL POWER PLANTS 
John C. Parker Vol. xxx—1911, pp. 637-662 

Analysis of fixed charges in isolated plants, covering investment, 
insurance, interest, depreciation, obsolescence, supervision, profit, real 
estate and space. Definition of marginal principle of figuring fixed cost.s 
Development of equation for amortization. Estimated and actual cost of 
energy production in isolated plants compared with central station 
service. 

Discussion , incorporated with that of paper by Aldis E. Hibner on 
“ The Cost of Industrial Power.” 

THE COST OF INDUSTRIAL POWER 

Aldis E. Hibner Vol. xxx—1911, pp. 653-664 

Brief consideration of the various factors that enter into the cost of 
energy production in isolated steam and gas producer plants. Effect of 
factory heating on cost of energy production. Investment, fixed charges 
and operating charges for heating plant, steam power plant and gas 
producer plant for a given industrial installation. 

Discussion , (including that of paper by John C. Parker on “ Comments 
on Fixed Costs in Industrial Power Plants ”) pp., 665-727, by Messrs. A. 
M. Dudley, E. Richards, Ivar Lundgaard, A. S. L. Barnes, A. E. Hibner, 
A. L. Mudge, Percival Robert Moses, David B. Rushmore, R. P. Bolton, 
Arthur Williams, Parker H. Kemble, H. H. Edgerton, C. M. Ripley, 
H. W. Peck, John H. Norris, Richard H. Tillman, W. S. Timmis, Stone¬ 
wall Tompkins, F. G. Gasche, William B. Jackson, R. Tschentscher, 
C. A. Graves, Frank F. Fowle, H. G. Gille, Thomas M. Gibbes, R. Norsa, 
Henry D. Jackson, Mr. Kelly, John West, C. A. Adams, J. F. Vaughan, 
Mr. Cook, Thomas M. Roberts, F. M. Gunby, J. C. Parker and Aldis E. 
Hibner. 
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General remarks on the cost of energy production in isolated plants. 
Estimates and actual figures on the investment cost and operation expense 
of steam and gas-engine plants. 

TRANSMISSION APPLIED TO IRRIGATION 
O. H. Ensign and James M. Gaylord Vol. xxx—1911, pp. 803-834 

Detailed description of the Minidoka and Salt River Projects of the 
Reclamation Service covering power houses, transmission lines and 
pumping stations. 

Discussion, incorporated with that of paper by R. J. C. Wood on 
lt Transmission Systems from the Operating Standpoint.” 

THE USE OF POWER-LIMITING REACTANCES WITH LARGE TURBO¬ 
ALTERNATORS 

R. F. Schuchardt and E. O. Schweitzer Vol. xxx—1911, pp. 1143-1194 

Detailed account of exhaustive tests made to determine the action 
of reactors in the leads of turbo-generators under various conditions, with 
respect to the effect on the generators, on the secondary apparatus and 
on the stability of the system. Oscillograms of currents and e.m.fs. are 
given for each test. Bibliography. 

Discussio7i, incorporated with that of paper by Charles P. Steinmetz 
on “ Development of the Modern Central Station.” 

DEVELOPMENT OF THE MODERN CENTRAL STATION 
Charles P. Steinmetz Vol. xxx—1911, pp. 1213-1225 

Short sketch of the development of modern alternating-current station. 
Uses to which reactors can be put in localizing disturbance in different 
parts of the system and improving parallel operation of units. Electro¬ 
mechanical synchronizing of distant stations. 

Discussion , (including that of paper by R. F. Schuchardt and E. O. 
Schweitzer, “ The Use of Power-Limiting Reactances with Large Turbo- 
Alternators ” and paper by E. B. Merriam on ” Some Recent 
Tests of Oil Circuit Breakers ”), pp. 1226-1249, by Messrs. John W. Lieb, 
Jr., M. H. Collbohm, D. B. Rushmore, C. W. Stone, B. G. Lamme, W. L. 
Waters, J. J. Frank, Louis A. Ferguson, R. B. Williamson, Clarence P. 
Fowler, P. Junkersfeld and C. P. Steinmetz. 

General remarks on problems in operation of very large central stations, 
with special reference to the use of reactance in the circuits. 


12. PARALLEL OPERATION 

DEVELOPMENT OF THE MODERN CENTRAL STATION 
Charles P. Steinmetz Vol. xxx—1911, pp. 1213-1225 

Short sketch of the development of modern alternating-current station. 
Uses to which reactors can be put in localizing disturbance in different 
parts of the system and improving parallel operation of units. Electro¬ 
mechanical synchronizing of distant stations. 

Discussion , (including that of paper by R. F. Schuchardt and E. O. 
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Schweitzer, “ The Use of Power-Limiting Reactances with Large Turbo- 
Alternators ” and paper by E. B. Merriam on “ Some Recent Tests of 
Oil Circuit Breakers ”), pp. 1226-1249, by Messrs. John W. Lieb, Jr., M 
H. Collbohm, D. B. Rushmore, C. W. Stone, B. G. Lamme, W. L. Waters* 
J. J. Frank, Louis A. Ferguson, R. B. Williamson, Clarence P. Fowler’ 
P. Junkersfeld and C. P. Steinmetz. 

General remarks on problems in operation of very large central stations 
with special reference to the use of reactance in the circuits. 


13. TRANSMISSION LINES 

OPEN ATMOSPHERE AND DRY TRANSFORMER OIL AS HIGH-VOLTAGE 
INSULATORS 

Harris J. Ryan Vol . xxx—1911, pp. i_ 76 

Analytical study of corona formation and the factors which influence 
it, covering practically all the work that has thus far been done by the 
author and other investigators. Complete references to all original work. 
Brief explanation of the ionization theory, which is applied to explain the 
phenomena that take place on high-tension lines. Laws formulated for 
calculation of critical e.m.f. under all conditions. 

Discussion, incorporated with that of paper by E. L. West on “ High- 
Voltage Line Loss Tests made on the 100-Kilovolt, 60-Cycle, ISO-Mile 
Transmission Line of the Central Colorado Power Company/’ 

HIGH-VOLTAGE LINE LOSS TESTS MADE ON THE lOO-KILOVOLT 60-CYCT "R 4 
180-MILE TRANSMISSION LINE OF THE CENTRAL COLORADO POWER * 
V T ww COMPANY 

Vol. xxx —1911, pp. 77-85 

Communication to Professor Ryan by the author, giving detailed 
results of tests on extensive transmission system with and without load 
Discussion , (including that of paper by Harris J. Ryan on “ Open 
Atm ° s Pk® re and Dr >' Transformer Oil as. High-Voltage Insulators ”), 
pp. S6-130, by Messrs. M. I. Pupin, G. Faccioli, C. P. Steinmetz, William 
b. Stanley, J. B. Whitehead, Erich Hausmann, Samuel Sheldon, H W 
Fisher, J. E. Noeggerath, A. E. Kennelly, F. W. Peek, Jr., George L 
Hoxie, A B. Hendricks, Jr., J. A. Koontz, C. E. Bennett,'and Harris J. 
Ry . ai V f Gene J al dlscuss i°n of Professor Ryan’s conclusion. Criticism 
and defense of electron theory. Formula for practical corona calculations 
on long distance lines. Method of constructing minute needle points Re- 
lation between conductivity of gases and vapors and corona phenomena. 
Results of tests on high-tension lines and also with short spark discharge 
apparatus. 5 

DESIGN, CONSTRUCTION AND TEST OF AN ARTIFICIAL TRANSMISSION LINE 
J. H. Cunningham VoL xxx _ mi , pp . 246 . 256 

an??™ / T° U ./ / the m ° de ° f construction - Oscillograms of current 
and e.m.f. when the line was opened and closed. 

Discussion, incorporated with that of paper by G. Faccioli on » Tests 
of Losses on High-Tension Lines.” 
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PROTECTION OF ELECTRICAL TRANSMISSION LINES 
E. E. F. Creighton Vol. xxx — 1911 pp 257.326 

Comprehensive discussion of line disturbances due to arcing ground 
on insulated, dead-grounded and resistance-grounded systems, with 
description of arcing-ground suppressor and tests to which it has been 
submitted. Detailed treatment of line capacity under various conditions 
of grounding. General discussion of lightning disturbances. Theory of 
lightning induction. Elements in the design of transmission line that 
affect lightning disturbances. Arcing-over. tests on insulators under 
various conditions. Profusely illustrated with photographs of arcs between 
lines, in horn gaps and over insulators, with oscillograms and circuit 
diagrams of the tests and of the arc suppressors. 

Discussion , incorporated with that of paper by G. Faecioli on “ Tests 
of Losses on High Tension Lines.” 

TESTS OF ARCING-GROUND SUPPRESSOR ON THE 40,000-VOLT SYSTEM OF 
THE SOUTHERN POWER COMPANY 

C. I. Burkholder and R. H. Marvin Vol. xxx-1911, pp. 327-335 

Description of tests of automatic insulator protector with high-power 
arcs for insulator. Circuit diagrams, photographs of arcs and oscillograms 
of potential rise and current. 

Discussion , incorporated with that of paper by G. Faecioli on “ Tests 
of Losses on High-Tension Lines.” 


TESTS OF LOSSES ON HIGH-TENSION LINES 
G. Faecioli > r t 

Vol. xxx—1911, pp. 337-355 

Description of corona loss tests on lines of Central Colorado Power 
Company. Methods of measurements. Results in form of curves and 
m tables Experimental law of corona loss. Equation of actual corona 
e.m.t. as function of spacing and diameter. 

Discussion , (including that of paper by J.H. Cunningham on “ Design, 
Construction and Test of an Artificial Transmission Line;” paper by 
Ji. E. F. Creighton on “ Protection of Electrical Transmission Lines ” 
and paper by C. I. Burkholder and R. H. Marvin on “ Tests of Arcing 
Cround Suppressor on the 40,000-Volt System of the Southern Power 
Company ’) pp. 356-365, by Messrs. Ralph D. Mershon, Charles S. 

T £ n ® r ’ L ' C- Nlcholson . Taylor Reed, J. L. R. Hayden, F. W. Peek, Jr., 
L. 1. Robinson, Charles F. Scott, G. Faecioli and E. E. F. Creighton. 

Discussion of corona loss and critical e.m.f. laws. Experimental 
determinations. Actual distribution of insulator flash-overs among the 
three conductors of a three-phase line. Protection of lines from insulator 


economic limitations to aggregation of power systems 

Robert A. Philip tr . 

Vol. xxx—1911, pp. 597-630 


General discussion of the principles underlying the success of electric 
distribution of energy. Power diagrams developed for inter-connected 
distribution systems in which the e.m.f. at all generating and receiving sta¬ 
tions is maintained constant by varying the reactive power in each receiving 
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station Numerical examples showing application of the line performance 
equations and vector diagrams. 

Discussion , pp. 631-636, by Messrs. A. E. Kennedy, N. T. Wilcox, 
E. A. Ekern, Edw. N. Lake, and R. P. Jackson. 

General remarks on practicability of maintaining constant potential 
in all parts of a large system. 


TRANSMISSION APPLIED TO IRRIGATION 
O. H. Ensign and James M. Gaylord Vol. xxx—1911, pp. 803-834 

Detailed description of the Minidoka and Salt River Projects of the 
Reclamation Service, covering pow*er houses, transmission lines and 
pumping stations. 

Discussion , incorporated with that of paper by R. J. C. Wood on 
“ Transmission Systems from the Operating Standpoint.” 


TRANSMISSION SYSTEMS FROM THE OPERATING STANDPOINT 
R. J. C. Wood Vol. xxx—1911, pp. 835-841 

Requirements of good service on high-tension transmission systems: 
regulation, reliability. 

Discussion, (including that of paper by O. H. Ensign and James M. 
Gaylord on “ Transmission Applied to Irrigation ”), pp. 842-855, by 
Messrs. A. H. Babcock, C. L. Cory, E. F. Scattergood, Paul M. Downing, 
J. A. Lighthipe, Ralph Bennett, C. W. Koiner, L. J. Corbett, R, W. 
Sorensen, Ralph D. Mershon, 0. H. Ensign and R. J. C. Wood. 

Capital charges against irrigated land. Reliability of transmission 
systems. 

CONTINUITY OF SERVICE IN TRANSMISSION SYSTEMS 
Magnus T. Crawford Vol. xxx—1911, pp. 1049-1071 

Brief description of Snoqualmie Falls transmission system, with outline 
of the general method of manipulation in the maintenance of service. 
Log of service interruptions covering period of four years and giving 
date, character, extent and cause of each disturbance. General discus¬ 
sion of causes of interruptions, and methods of avoiding them. 

Discussion , pp. 1072-1079, by Messrs. R. J. C. Wood, P. M. Downing, 
E. F. Scattergood, G. H. Stockbridge, R. W. Van Norden, C. O. Poole, 
Ralph Bennett, D. D. Morgan, W. B. Gump and M. T. Crawford. 

Current practice in the operation of high-tension transmission svstems. 

ELECTRIC LINE OSCILLATIONS 

G. Faccioli Vol. xxx—1911, pp. 1803-1850 

Account of switching tests on 100,000-volt transmission system of the 
Great Western Power Company. Detailed discussion of large number of 
oscillograms. Recommendation for switching on high-tension systems. 
Appendix by W. W. Lewis on construction and operation of the photo¬ 
graphic attachment to the oscillograph. 

Discussion , pp. 1S51-1S56, by Messrs. C. P. Steinmetz, Max H. Coll- 
bohm, D. B. Rushmore and Percy H. Thomas. 
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HIGH-TENSION TRANSMISSION 

Percy H. Thomas Vol. xxx—1911, pp. 1989-1993 

General discussion of answers to a list of questions submitted by the 
High-Tension Committee to companies operating transmission systems 
at 80,000 volts of more. 

TRANSMISSION SYSTEM OF THE GREAT WESTERN POWER COMPANY 
J. P. Jollyman Vol. xxx—1911, pp. 1994-1997 

Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
volts. 

Discussion , incorporated with that of paper by P. T. Hanseom on 
“ Transmission System of the Central Colorado Power Company.” 

TRANSMISSION SYSTEM OF THE SOUTHERN POWER COMPANY 
W. S. Lee Vol. xxx—1911, pp. 1998-2001 

Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
volts. 

Discussion , incorporated with that of paper by P. T. Hanseom on 
“ Transmission System of the Central Colorado Power Company.” 

TRANSMISSION SYSTEM OF THE GREAT FALLS POWER COMPANY 
M. Hebgen Vol. xxx—1911, pp. 2002-2006 

Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
volts.* 

Discussion , incorporated with that of paper by P. T. Hanseom on 
" Transmission System of the Central Colorado Power Company.” 

TRANSMISSION SYSTEM OF THE CENTRAL COLORADO POWER COMPANY 



P. T. Hanseom 


Vol. xxx—1911, pp. 2007-2014 


Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
volts. Detailed log of lightning disturbances. 


Discussion , (including that of paper by J. P. Jollyman on “ Transmis¬ 
sion System of the Great Western Power Company,” paper by W. S. Lee 
on “ Transmission System of the Southern Power Company ” and paper 
by M. Hebgen on ” Transmission System of the Great Falls Power Com¬ 


pany ”), pp. 2015-2018, by Messrs. M. H. Collbohm, Paul M. Lincoln, 
L. C. Nicholson, N. J. Neall, J. F. Vaughan and Hugh Pastoriza. 

General remarks on the protection of high-tension systems. 


SOLUTION TO PROBLEMS IN SAGS AND SPANS 
Wm. Le Roy Robertson Vol. xxx—1911, pp. 2209-2228 

Comparison of the different types of equations for solution of sag 
problems. System of charts and tables for facilitating the calculation 
of sag in transmission wires. 

Discussion , incorporated with -that of paper by Pender and Thomson on. 
“ The Mechanical and Electrical Characteristics of Transmission Lines.” 
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SAG CALCULATIONS FOR SUSPENDED WIRES 
Percy H. Thomas Vol. xxx—1911, pp. 2229-2239 

Short method of calculating sag. Description of use of method. Mathe¬ 
matical development of formulas. 

Discussion , incorporated with that of paper by Pender and Thomson on 
’* The Mechanical and Electrical Characteristics of Transmission Lines.” 

THE MECHANICAL AND ELECTRIC CHARACTERISTICS OF TRANSMISSION 

LINES 

Harold Pender and H. F. Thomson Vol. xxx—1911, pp. 2241-2279 

Equations and charts for calculation of the mechanical design of wire 
spans under various conditions of climate and topography. Equations, 
charts and tables for the calculation of the electrical performance of 
various types of transmission lines. 

Discussion, (including li Solution to Problems in Sags and Spans ” and 
44 Sag Calculations for Suspended Wires ”), pp. 2280-2302, by Messrs. 
Paul M. Lincoln, L. C. Nicholson, N. J. Neall, Jean Bart Balcomb, W. 
L. R. Robertson, H. F. Thomson, H. V. Carpenter, Hugh Pastoriza, 
R. S. Brown, Frank F. Fowle, R. C. Darrow, P. H. Thomas, Harold 
Pender and H. F. Thomson. 

Calculation and design of transmission lines. Experience as to effects of 
wind, sleet and ice upon lines. 

THE HIGH-EFFICIENCY SUSPENSION INSULATOR 
A. 0. Austin Vol. xxx—1911, pp. 2303-2328 

Mathematical study of the efficiency of different shapes and types of 
suspension insulator. Judging an insulator by flash-over tests. Design 
of insulators for high tension. 

Discussion , pp. 2329-2335, by Messrs. E. E. F. Creighton, Paul M. 
Lincoln, P. H. Thomas, E. M. Hewlett, N. J. Neall, A. O. Austin. 

Behavior of insulators under high-tension stresses. Distribution of 
stresses between several parts of link insulators. 

TABLES OF HYPERBOLIC FUNCTIONS IN REFERENCE TO LONG ALTERNATING- 
CURRENT TRANSMISSION LINES 

A. E. Kennelly Vol. xxx—1911, pp. 2495-2506 

Formula for use with hyperbolic functions in calculation of long 
transmission lines. Tables calculated for this purpose. Examples of the 
use of the formulas and tables in calculation of different types of lines. 
Bibliography of tables of complex hyperbolic functions. 

No discussion. 


14. ELECTRIC SERVICE DISTURBANCES AND 
PROTECTION 

PROTECTION OF ELECTRICAL TRANSMISSION LINES 
E. E. F. Creighton. Vol. xxx—1911, pp. 257-326 

Comprehensive discussion of line disturbances due to arcing ground 
on insulated, dead grounded and resistance grounded system 3 with 
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description of arcing ground suppressor and tests to which it has been 
su mitte . Detailed treatment of line capacity under various condi- 
lonso grounding.. General discussion of lightning disturbances. Theory 
1& induction. Elements in the design of transmission line that 

affect lightning disturbances. Arcing-over tests on insulators under 
various conditions. Profusely illustrated with photographs of arcs 
etween lines, m horn gaps and over insulators, with oscillograms and 
circui lagram of the tests and of the arc suppressors 

Discussion , incorporated with that of paper by G. Faccioli on - Tests 
of Losses on High-Tension Lines.” 

TESTS OF ARCING GROUND SUPPRESSOR ON THE 40,000-VOLT system of 
THE SOUTHERN POWER COMPANY 

c. X. Burkholder and R. H. Marvin Vo!. xxx MU, pp. 327-335 

Description of tests of automatic insulator protector with high-powei 
arcs for insulator Circuit diagrams, photographs of arcs and oscillo- 
grams of potential rise and current. 

Discussion, incorporated with that of paper by G. Faccioli on “ Tests 
or Losses on High-Tension Lines.” 

CONTINUITY OF SERVICE IN TRANSMISSION SYSTEMS 
Magnus T. Crawford Vol. xxx __ 1911> pp 10 49-1071 

Brief description of Snoqualmie Falls transmission system, with outline 
of the general method of manipulation in the maintenance of service. 
Log of service interruptions covering period of four years and giving date, 
c aracter,^ extent and cause of each disturbance. General discussion of 
causes of interruptions, and methods of avoiding them. 

Discussion, pp. 1072-1079, by Messrs. R. J. C. Wood, P. M. Downing, 

L F Scattergood, G. H. Stockbridge, R. W. Van Norden, C. O. Poole, 
Ralph Bennett, D. D. Morgan, W. B. Gump and M. T. Crawford. 

urrent practice m the operation of high-tension transmission systems. 

HIGH-TENSION TRANSMISSION 
Percy H. Thomas Tr , 

Vol. xxx—1911, pp. 1989-1993 

eneral discussion of answers to a list of questions submitted by the 

/In nnn S10 i n Committee to companies operating transmission systems 
at 80,000 volts or more. 


TRANSMISSION SYSTEM OF THE GREAT WESTERN POWER COMPANY 
J. P. Jollyman Vol. xxx _ 1911# pp 1994 „ 1997 

Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100 000 
volts. 

„ ^'‘ SCUSSion ’ incorporated with that of paper by P. T. Hanscom on 
transmission System of the Central Colorado Power Company.” 

TRANSMISSION SYSTEM OF THE SOUTHERN POWER COMPANY 
W. S. Lee Tr . 

Vol. xxx—1911, pp. 1998-2001 

Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
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Discussion , incorporated with that of paper by P. P. Hanscom on 
Transmission System of the Central Colorado Power Company.” 


TRANSMISSION SYSTEM 
M. Hebgen 


OF THE GREAT FALLS POWER COMPANY 

Vol. xxx—1911, pp. 2002-2006 


Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
volts. 

Discussion , incorporated with that of paper by P. T. Hanscom on 
" Transmission System of the Central Colorado Power Company.” 


TRANSMISSION SYSTEM OF THE 
P. T. Hanscom 


CENTRAL COLORADO POWER COMPANY 
Vol. xxx—1911, pp. 2007-2014 


Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
volts. Detailed log of lightning disturbances. 

Discussion, (including that of paper by J. P. Jollyman on “ Transmis¬ 
sion System of the Great Western Power Company,” paper by W.S. Lee on 
“ Transmission System of the Southern Power Company ” and paper by 
M. Hebgen on “ Transmission System of the Great Falls Power Com¬ 
pany ”), pp. 2015-2018, by Messrs. M. H. Collbohm, Paul M. Lincoln, 
L. C. Nicholson, N. J. Neall, J. F. Vaughan and Hugh Pastoriza. 

General remarks on the protection of high-tension systems. 


15. DISTRIBUTION SYSTEMS 

ADVANTAGES OF UNIFIED ELECTRIC SYSTEMS COVERING LARGE 
TERRITORIES 

William B. Jackson Vol. xxx—1911, pp. 131-161 

Statement of factors that make it economically possible to serve a 
large territory from one comprehensive transmission system. Maps and 
brief abstracts of a large number of hydroelectric and steam-electric 
distribution systems which cover extensive areas. Discussion of the 
advantages that a comprehensive system has over a large number of 
isolated small plants from the standpoint of economy and good service’ 

Discussion , pp. 152-165, by Messrs. P. Junkersfeld, W. L. Robb, F. 
Darlington, George H. Lukes, Norman T. Wilcox, Philip Torchio, L. L. 
Elden, Charles P. Steinmetz and William B. Jackson. General discussion 
of the advantages of a comprehensive distribution system over large 
territory and some of the factors that bear upon the success of such an 
undertaking. Actual comparison of the operation of the New York 
Edison plant with the London, Municipal and Private installations. 
Analysis of actual results obtained by the Boston Edison Company in 
the operation of a suburban system. 

ECONOMIC LIMITATIONS TO AGGREGATION OF POWER SYSTEMS 
Robert A. Philip Vol. xxx—1911, pp. 597-630 

General discussion of the principles underlying the success of electric 
distribution of energy. Power diagram developed for inter-connected 
distribution systems in which, the e.m.f. at all generating receiving stations 
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is maintained constant by varying the reactive power in each receiving 
station. Numerical examples showing application of the line performance 
equations and vector diagrams. 

Discussion, pp. 631-636, by Messrs. A. E. Kennedy, N. T. Wilcox, 
E. A. Ekern, Edw. N. Lake and R. P. Jackson. 

General remarks on practicability of maintaining constant potential 
in all parts of a large system. 

CONTINUITY OF SERVICE IN TRANSMISSION SYSTEMS 
Magnus T. Crawford Vol. xxx—1911, pp. 1049-1071 

Brief description of Snoqualmie Falls transmission system, with 
outline of the general method of manipulation in the maintenance of 
service. Log of service interruptions covering period of four years and 
giving date, character, extent and causes of each disturbance. General 
discussion of causes of interruptions, and methods of avoiding them. 

Discussion, pp. 1072-1079, by Messrs. R. J. C. Wood, P. M. Downing, 
E. F. Scattergood, G. H. Stockbridge, R. W. Van Norden, C. O. Poole, 
Ralph Bennett, D. D. Morgan, W. B. Gump and M. T. Crawford. 

Current practice in the operation of high-tension transmission systems. 

ELECTROLYTIC CORROSION IN REINFORCED CONCRETE 
C. Edward Magnusson and C. H. Smith Vol. xxx- —1911, pp. 2055-2079 

Account of experimental investigation of damage done by stray cur¬ 
rents in reinforced concrete. Study of various methods of protecting 
reinforcement from corrosion. 

Discussion , pp. 2080-2101, by Messrs. Burton McCollum, E. W. 
Stevenson, G. D. Shepardson, George A. Hoadley, A. S. Langsdorf, 
Maximilian Toch, Guy F. Shaffer, Harry Barker and W. L. Upson. 

Description of similar investigations by-the Bureau of Standards and 
others. Criticism of the authors’ methods, especially of the high e.m.fs. 
used. Account of actual example of corrosion in a building. 

THE APPLICATION OF CURRENT TRANSFORMERS TO THREE-PHASE CIRCUITS 
J. R. Craighead Vol. xxx —1911, pp. 2167-2179 

Analysis of the performance of series transformers with secondaries 
interconnected in various ways, the primaries being included in poly¬ 
phase circuits. 

Discussion , incorporated with that of paper by Messrs. E. C. Stone 
and R. W. Atkinson on 11 Cost of Transformer Losses.” 

COST OF TRANSFORMER LOSSES 

E. C. Stone and R. W. Atkinson Vol. xxx—1911, pp. 2181-2199 

Classification of transformer losses and complete analytical discussion 
of the cost of various losses under various operating conditions. 

Discussion , (including that of paper by J. R. Craighead on “ The 
Application of Current Transformers to Three-Phase Circuits ”, pp. 
2200-2207, by Messrs. A. H. Pikler, W. C. Smith, E. A. Wagner, H. B. 
Gear and R. W. Atkinson. 

Progress in transformer design in a period of 12 years. Importance of 
long life as compared with energy efficiency. 
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16. CONTROL, REGULATION AND SWITCHING 

HIGH-VOLTAGE LINE LOSS TESTS MADE ON THE lOO-KILOVOLT, 60-Cycle, 
180-MILE TRANSMISSION LINE OF THE CENTRAL COLORADO POWER 

COMPANY 

E. L. West Vol. xxx—1911, pp. 77-85 

Communication to Professor Ryan by the author, giving detailed 
results of tests on extensive transmission system with and without load. 

Discussion , (including that of paper by Harris J. Ryan on “ Open 
Atmosphere and Dry Transformer Oil as High Voltage Insulators ”), 
pp. 86-130, by Messrs. M. I. Pupin, G. Faccioli, C. P. Steinmetz, William 
S. Stanley, J. B. Whitehead, Erich Hausmann, Samuel Sheldon, H. W. 
Fisher, J. E. Noeggerath, A. E. Kennelly, F. W. Peek, Jr., George. L. 
Hoxie, A. B. Hendricks, Jr., J. A. Koontz, C. E. Bennett and Harris J. 
Ryan. General discussion of Professor Ryan’s conclusions. Criticism 
and defense of electron theory. Formula for practical corona calculations 
on long distance lines. Method of constructing minute needle points. 
Relation between conductivity of gases and vapors and corona phe¬ 
nomena. Results of tests on high-tension lines and also with short 
spark discharge apparatus. 


THE REGULATION OF DISTRIBUTING TRANSFORMERS 
C. E. Allen Vol. xxx—1911, pp. 415-426 

Comparison of a number of the most important regulation formulas. 
Effect of different electric and magnetic constants upon regulation char¬ 
acteristics with varying power-factor. Modern winding construction 
for good regulation. 

Discussion , incorporated with that of paper by F. C. Green on 11 Prob¬ 
lems in the Operation of Transformers.” 


OIL CIRCUIT BREAKERS 

E. B. Merriam Vol. xxx —1911 pp. 495-502 

Brief discussion of the functions and operative characteristics of auto¬ 
matic oil switches, and of factors which influence their performance. 

Discussion , pp. 503-527, by Messrs. B. C. Jamieson, E. M. Hewlett, 
L. C. Nicholson, W'. L. R. Emmet, R. D. Mershon, C. J. Barrow, H. W. 
Cheney, A. S. McAllister, Charles F. Scott, C. P. Steinmetz, H. L. 
Smith, E. W. Rice, Jr.*, E. B. Merriam, Chester Lichtenberg, A. G. 
Collis and E. Zachrisson. 

Experience and tests with oil circuit breakers opening short-circuits. 
Theoretical analysis of the influence of different kinds of load upon 
rupturing capacity of oil switches. 

VOLTAGE REGULATION OF GENERATORS 
H. A. Laycock . Vol. xxx—1911, pp. 555-571 

Outline of requirements of generator and exciters essential to successful 
application of automatic regulation. Description of Tirrill regulator 
applied to alternating-current and direct-current systems. Examples of 
very large installations. 
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Discussion pp. 572-573, by Messrs. H. G. Reist, Carl J. Fechheimer 
ana h. Alexanderson. 

Desirability of poor inherent regulation of large generators. 


ECONOMIC LIMITATIONS TO AGGREGATION OF POWER SYSTEMS 

Robert A. Philip T7 . , 

p Vol. xxx—1911 pp. 597-630 


Generai discussion of the principles underlying the success of electric 
distribution of energy. Power diagram developed for inter-connected 
distribution systems in which the e.m.f. at all generating receiving 
stations is maintained constant by varying the reactive power in each 
receiving station. Numerical examples showing application of the line 
performance equations and vector diagrams. 

Discussion , pp. 631-636, by Messrs. A. E. Kennedy, N. T. Wilcox 
E. A. Ekern, Edw. N. Lake, R. P. Jackson. 

. G ® neral remarks on practicability of maintaining constant potential 
in all parts of a large system. 


TRANSMISSION SYSTEMS FROM THE OPERATING STANDPOINT 
R. J. C. Wood Vol. xxx —pp 835 _g 4 i 

Requirements of good service on high-tension transmission systems— 
regulation, reliability. 

Discussion,^ (including that of paper of 0. H. Ensign and James M. 
Uaylord on “ Transmission Applied to Irrigation ”), pp. 842-855, bv 
Messrs. A. H. Babcock, C. L. Cory, E. F. Scattergood, Paul M. Downing, 
J. A. Lighthipe, Ralph Bennett, C. W. Koiner, L. J. Corbett, R. W. 
Sorensen, Ralph D. Mershon, O. H. Ensign and R. J. C. Wood. 

Capital charges against irrigated land. Reliability of transmission 
systems. 

CONTINUITY OF SERVICE IN TRANSMISSION SYSTEMS 
Magnus T. Crawford Vol. sxx-im, pp. 1049-1071 

Brief description of Snoqualmie Falls transmission system, with outline 
o the geneial method of manipulation in the maintenance of service. 
Log of service interruptions covering period of four years and giving date, 
character,, extent and cause of each disturbance. General discussion of 
causes of interruptions, and methods of avoiding them. 

Discussion, pp. 1072-1079, by Messrs. R. J. C. Wood, P. M. Downing 
E. F. Scattergood, G. H. Stockbridge, R. W. Van Norden, C. O. Poole, 
Ralph Bennett, D. D. Morgan, W. B. Gump and M. T. Crawford. . 

Current practice in the operation of high-tension transmission systems. 

THE USE OF POWER-LIMITING REACTANCES WITH LARGE TURBO¬ 
ALTERNATORS 

R. F. Schuchardt and E. O. Schweitzer Vol. xxx—1911, pp. 1143-1194 

Detailed account of exhaustive tests made to determine the action of 
reactors in the leads of turbo-generators under various conditions, with 
respect to the effect on the generators, on the secondary apparatus and 
on the stability of the system. Oscillograms of currents and e.m.fs. are 
given for each test. Bibliography. 

Discussion, incorporated with that of paper by Charles P. Steinmetz 
on 14 Development of the Modern Central Station.” 
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SOME RECENT TESTS OF 

E. B. Merriam 


OIL CIRCUIT BREAKERS 

VoL xxx 1911 pi;, 1195-1212 


Account of short-circuit rupturing L-sts with oil switch led Irma a 
12,000-kw. turbo-generator. Records ol oil pressure ‘'dictated, also 
e.m.f. and current oscillograms. Construction «*t oil switch to utilize 
t he explosion energy. 

Discussion , incorporated with that ol pupet l»> lh. ( h.uh . 1 . Stein 
me.tz on “ Development of the Modern Central Station.” 


DEVELOPMENT OF THE MODERN CENTRAL STATION 
Charles P. Steinmetz Vo1, xxx 19U ’ m 1213 1226 

Short sketch of the development of modern altcrualin- current stat ion. 
Uses to which reactors can he put in localizing disturbance m ditlcreut 
parts of the system and improving parallel operation ot unit e hdeelro 
mechanical synchronizing ot distant stations. 

Discussion , (including that ol paper by K. h« Sclmeh.odt ami h. G. 
Schweitzer “The Use of lWerdumi! tug Reactances with Large Turbo- 
A1 tern a,tors and paper hy 1C. H. Meiriam on ” Sotue Recent Test ■; of 
Oil Circuit Breakers ”b pp. 1225 121U, by Messrs. John W. LicL, Jr,, 
M, H. Collbohm, D. B. Ruslmintv, C. W. Stone. H. i» Lamsuc, \\ . L. 
Waters, J. J. Frank, Louis A. Ferguson, R. B. William-mu. clarence P. 
Fowler, P. Junkersfeld and C, F. Stcinim-im 

General remarks on problems in operation of verv large centra! station-;, 
with special reference to the use of reactance in the circuits. 


AUTOMATIC MOTOR CONTROL FOR DIRECT CURRENT MOTORS 
Arthur C. Eastwood *** 1911, pp. 1519 1557 

Advantages of automata- control over manual and description of 
various types ol series current limit conirnlici v«ifn chi va and data 
on their actual performance in operation. 

Discussion, pp. 1528 1515, by Messrs. b J. Murphy, Arthot 1 l , hast • 
wood, Ragner Wikauder and Theodore Varney. 

Experience in the design of series current■■ control contactors 


SOME LIMITATIONS OF RHEOSTATIC CONTROL 
G, R, Radley and L. L. Tatum V*d %%% iUl, pp. 1547 1801 

Discussion of flit* factors that influence the «Ic.ign of osast.ur:, lor 
different classes oiM^erviee, Data on heating and hmbing temperatures 
for resistance terminals and contact'., 

No discussion. 

ELEVATOR CONTROL 

T. E. Burnum V.d m mt, PP 15115 1983 

Brief description of the * onstrm t ion and p*uhu mam e ot t \ pit a! oa * n 
gcr elevator electric motive power equipment. Photograph 1 -, * “tim d on . 
diagrams and current time performance curve.-. 

Discussion, pp, 15811585, bv M»‘,as I'ded J . \»'wman, !■*. \ . C!arksou, 

Theodore Varm-y and *r. I'd Bantum. 

ICilicicncy of worm gear s 
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ELECTRIC LINE OSCILLATIONS 

G. Faccioli Vol. xxx—1911, pp. 1803-1850 

Account of switching tests on 100,000-volt transmission system of the 
Great Western Power Company. Detailed discussion of large numbers 
of oscillograms. Recommendation for switching on high-tension systems. 
Appendix by W. W. Lewis on construction and operation of the photo¬ 
graphic attachment to the oscillograph. 

Discussion, pp. 1851-1856, by Messrs. C. P. Steinmetz, Max H. Coll- 
bohm, D. B. Rushmore and Percy H. Thomas. 


HIGH-TENSION TRANSMISSION 

Percy H. Thomas Vol. xxx—1911, pp. 1989-1993 

General discussion of answers to a list of questions submitted by the 
High-Tension Committee to companies operating transmission systems at 
80,000 volts or more. 

TRANSMISSION SYSTEM OF THE GREAT WESTERN POWER COMPANY 
J. P Jollyman ‘ Vol. xxx—1911 pp. 1994-1997 

Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
volts. 

Discussion, incorporated with that of paper by P. T. Hanscom on 
Transmission System of the Central Colorado Power Company.” 


TRANSMISSION SYSTEM OF THE SOUTHERN POWER COMPANY 
w. S. Lee Vol. xxx—1911, pp. 1998-2001 

Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
volts. 

Discussion, incorporated with that of paper by P. T. Hanscom on 

Transmission System of the Central Colorado Power Company.” 

TRANSMISSION SYSTEM OF THE GREAT FALLS POWER COMPANY 
M. Hebgen Vol. xxx—1911, pp. 2002-2006 

Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
volts. 

Discussion, incorporated with that of paper by P. T. Hanscom on 

Transmission System of the Central Colorado Power Company.” 


TRANSMISSION SYSTEM OF THE CENTRAL COLORADO POWER COMPANY 
P. T. Hanscom 'Vol. xxx—1911, pp. 2007-2014 

Answers to the list of questions submitted by the High-Tension Com¬ 
mittee covering line construction, protection and operation at 100,000 
volts. Detailed log of lightning disturbances. 

Discussion , (including that of paper by J. P. Jollyman on “ Transmis¬ 
sion System of the Great Western Power Company,” paper by W. S. Lee 
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on “ Transmission System of the Southern Power Company,” and paper 
by M. Hebgen on ” Transmission System of the Great Palls Power 
Company ”), pp. 2015-2018, by Messrs. M. H. Collbohm, Paul M. 
Lincoln, L. C. Nicholson, N. J. Neall, J. F. Vaughan and Hugh Pastoriza. 
General remarks on the protection of high-tension systems. 


THE MECHANICAL AND ELECTRICAL CHARACTERISTICS OF TRANSMISSION 

LINES 

Harold Pender and H. F. Thomson Vol. xxx—1911, pp. 2241-2279 

Equations and charts for calculation of the mechanical design of wire 
spans under various conditions of climate and topography. Equations, 
charts and tables for the calculation of the electrical performance of 
various types of transmission lines. 

Discussion , (including “ Solution to Problems in Sags and Spans ” and 
“ Sag Calculations for Suspended Wires ”), pp. 2280-2302, by Messrs. 
Paul M. Lincoln, L. C. Nicholson, N. J. Neall, Jean Bart Balcomb, 
W. L. R. Robertson, H. F. Thomson, H. V. Carpenter, Hugh Pastoriza, 
R. S. Brown, Frank F. Fowle, R. C. Darrow, P. H. Thomas, Harold 
Pender and H. F. Thomson. 

Calculation and design of transmission lines. Experience as to effects 
of wind, sleet and ice upon lines. 


METHODS OF VARYING THE SPEED OF ALTERNATING-CURRENT MOTORS 
Gus A. Maier Vol. xxx — 1911j pp 2 455-2484 

Classification of types of varying and adjustable speed alternating- 
current motors. Comprehensive description of various types of speed 
control for induction and commutator motors, including rheostatic, 
compensator, brush shifting, pole changing, concatenation, frequency 
changer and regulating motors. 

Discussion, pp. 2485-2494, by Messrs H. W. Buck, R. N. Dickinson, 
V . N. Smith, G. A. Maier, C. J. Fechheimer, B. G. Lamme, C. P. 
Steinmetz and C. O. Mailloux. 

Description of additional methods of speed variation. 


17. TRACTION 


SOME RECENT DEVELOPMENTS IN 
Gregory Brown 


RAILWAY TELEPHONY 

Vol. xxx—1911, 1007-1036 


Outline of requirements of train dispatching service, messenger service 
and block service. Description of various.telephone systems in use on 
railroads. Photographs of apparatus and circuit diagrams. 

Discussion , pp. 1037-1048, by Messrs. Kempster B. Miller, L. B 
Cramer, Ralph Bennett, Ralph W. Pope, C. F. El well, S. G. McMeen* 
J. A. Lighthipe, S. J. Lisberger and Gregory Brown. 

Experience with telephony in operation of railway and transmission 
systems. 
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INDUCTION MACHINES FOR HEAVY SINGLE PHASE MOTOR SERVICE 
E. F. W. Alexanderson Vol. xxx-1911, pp. 1357-1369 

Description, theory and performance characteristics of phase converter 
for changing single-phase to polyphase energy. 

Discussion,, incorporated with that of paper by William S. Murray on 
“ Electrification Analyzed, and Its Practical Application to Trunk Line 
Roads, Inclusive of Freight and Passenger Operation.” 

ELECTRICAL OPERATION OF THE WEST JERSEY AND SEASHORE RAILROAD 
B. F. Wood Vol. xxx _ 1911j pp 137 J.X 390 

Brief description of electric system and equipment. Cost of construc¬ 
tion, maintenance and operation charges in detailed tabular form, and 
logs of repairs and train detentions. 

Discussion,, incorporated with that of paper by William S. Murray on 
Electrification Analyzed, and Its Practical Application to Trunk Line 
Roads, Inclusive of Freight and Passenger Operation.” 

ELECTRIFICATION ANALYZED AND ITS PRACTICAL APPLICATION TO TRUNK 
LINE ROADS, INCLUSIVE OFJFREIGHT AND PASSENGER OPERATION 
William S. Murray VoL xxx—1911, pp. 1391-1456 

. Analysis of passenger, freight and switching service of steam locomo¬ 
tives. Performance and economy tests. Characteristics and advantages 
of electric locomotives for the same classes of service. Statistical record 
of operation of New Haven Road, covering train delays, power house, 
distribution systems and locomotives. Wiring diagrams and construc¬ 
tional drawings for locomotives and distribution system. Cost data for 
electrification of railroads. 

Discussion, (including that of paper by E. F. W. Alexanderson on 
Induction Machines for Heavy Single-Phase Motor Service ” and 
paper by B. F. Wood on “ Electrical Operation of the West Jersey and 
Seashore Railroads ”), pp. 1457-1518, by Messrs. Frank J. Sprague, 
Edwin B. Katte, L. C. Fritch, J. L. Woodbridge, Dugald C. Jackson, 
N. W. Storer, John W. Lieb, Jr., Charles F. Scott, E. F. W. Alexanderson, 
Philip Dawson, W. N. Smith, B. F. Wood, John B. Taylor, R. E. Hell- 
mund, C. P. Steinmetz, H. Graftio, Gisbert Kapp and W. S. Murray. 

General discussion of the problem of equipping trunk lines with electric 
motive power. Experience with direct-current and single-phase systems. 
Standardization of electric apparatus. 

ELECTROLYTIC CORROSION IN REINFORCED CONCRETE 
C. Edward Magnusson and C. H. Smith Vol. xxx—1911, pp. 2055-2079 

Account of experimental investigation of damage done by stray currents 
in reinforced concrete. Study of various methods of protecting reinforce¬ 
ment from corrosion. 

Discussion , pp. 2080-2101, by Messrs. Burton McCollum, E. W. 
Stevenson, G. D. Shepardson, George A. Hoadley, A. S. Langsdorf, 
Maxmilian Toch, Guy F. Shaffer, Harry Barker and W. L. Upson. 

Description of similar investigations by the Bureau of Standards and 
others. Criticism of the author’s methods, especially of the high e.m.fs. 
used. Account of actual example of corrosion in a building. 
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18. LIGHT, LIGHTING AND LAMPS 

THE COST OF ARC LIGHTING AND GENERAL SERVICE FROM MEDIUM AND 
SMALL SIZE MUNICIPAL OR PRIVATE PLANTS 
W. Edgar Reed Vol. xxx—1911, pp. 1121-1133 

Analysis of cost of lighting small communities. Character of various 
items that enter into the construction and conditions which modify 
them. Actual cost of lighting different cities. 

No discussion. 

19. ELECTRICITY IN THE ARMY AND NAVY 

PROPOSED APPLICATIONS OF ELECTRIC SHIP PROPULSION 
W. L. R. Emmet Vol. xxx—1911, pp. 529-544 

Reasons why electric propulsion of ships is practicable. Description 
of two proposed turbo-electric installations for United States warships. 
Characteristic performance curves and economy of electric equipments. 

Discussion , pp. 545-554, by Messrs. C. P. Steinmetz, Gano Dunn, 
Maxwell W. Day, W. B. Potter, H. A. Mavor, and C. H. Peabody and 
H. G. Knox. 

Power requirements of battleships and advantages of electric propulsion. 


20. MISCELLANEOUS APPLICATIONS OF ELECTRICITY 

MECHANICAL FORCES IN MAGNETIC FIELDS 
Charles P. Steinmetz Vol. xxx—1911, pp. 367-385 

Elementary theory of the energy transformation in plunger magnets, 
giving equations for the mechanical work and the efficiency. Brief 
mathematical consideration of the mechanical forces exerted by short- 
circuit currents in transformers, cables and general circuits. 

Discussion , pp. 386-413, by Messrs. A. S. McAllister, G. Faccioli, 
Cassius M. Davis, Mr. Harper, F. C. Green, G. J. Barrow, Henry 
Pikler, John J. Frank, Charles F. Scott, H. C. Cox, V. Karapetoff, K. 
Faye-Hansen, J. Murray Weed, H. B. Dwight, A. C. Zelewsky, E. Jasse 
and C. P. Steinmetz. 

General discussion of the mechanical forces exerted on short circuits in 
transformers, equations, tests and experience. Energy transformations 
in plunger magnets. 

PROPOSED'APPLICATIONS OF ELECTRIC SHIP PROPULSION 
° W. L. R. Emmet Vol. xxx—1911, pp. 529-544 

Reasons why electric propulsion of ships is practicable. Description 
of two proposed turbo-electric installations for United States warships. 
Characteristic performance curves and economy of electric equipments. 

Discussion , pp. 545-554, by Messrs C. P. Steinmetz, Gano Dunn, Max¬ 
well W. Day, W. B. Potter, H. A. Mavor, and C. H. Peabody and H. G. 
Knox. 

Power requirements of battleships and advantages of electric propul¬ 
sion. 
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FLYWHEEL LOAD EQUALIZER 

W. N. Motter and L. L. Tatum Vol. xxx—1911, pp. 729-739 

Description of a flywheel-generator installation designed to take the 
sudden peak loads encountered in the operation of ore bridges. Results 
of tests of power consumption and actual saving in the cost of handling 
the ore. 

No discussion. 

TRANSMISSION APPLIED TO IRRIGATION 
O. H. Ensign and James M. Gaylord Vol. xxx—1911, pp. 803-834 

Detailed description of the Minidoka and Salt River Projects of the 
Reclamation Service, covering power houses, transmission lines and 
pumping stations. 

Discussion , incorporated with that of paper by R. J. C. Wood on 
“ Transmission Systems from the Operating Standpoint.” 

TRANSMISSION SYSTEM FROM THE OPERATING STANDPOINT 
R. J. C. Wood Vol. xxx—1911, pp. 835-841 

Requirements of good service on high-tension transmission systems— 
regulation, reliability. 

Discussion , (including that of paper by 0. H. Ensign and James M. 
Gaylord on “ Transmission Applied to Irrigation ”), pp. 842-855, by 
Messrs. A. H. Babcock, C. L. Cory, E. F. Scattergood, Paul M. Downing, 
J. A. Lighthipe, Ralph Bennett, C. W. Koiner, L. J. Corbett, W. R. Soren¬ 
sen, Ralph D. Merson, O. H. Ensign and R. J. C. Wood. 

Capital charges against irrigated land. Reliability of transmission 
systems. 

THE REFINING OF IRON AND STEEL IN INDUCTION TYPE FURNACES 
C. F. Elwell Vol. xxx—1911, pp. 857-866 

Brief discussion of the relative merits of arc and induction furnaces 
and the leading characteristics of each. Analyses of steel produced and 
itemized cost of production in different sized induction furnaces. 

Discussion , pp. 867-871, by Messrs. R. J. C. Wood, R. W. Van Norden, 
Earl W. Paul, J. J. Frank, H. H. Sinclair, R. W. Sorensen, C. W. Koiner, 
Budd Frankenfield, C. H. Vom Baur and C. F. Elwell. 

Data on methods and cost of operating electric furnaces. 

ELEVATOR CONTROL 

T. E. Barnum Vol. xxx—1911, pp. 1563-1583 

Brief description of the construction and performance of typical 
passenger elevator electric motive power equipment. Photographs, 
connections diagrams and current-time performance curves. 

Discussion , pp. 1584-1585, by Messrs. Fred J. Newman, S. N. Clarkson, 
Theodore Varney and T. E. Barnum. 

Efficiency of worm gears. 

ELECTRICALLY DRIVEN REVERSING ROLLING MILLS 
Wilfred Sykes Vol. xxx—1911, pp. 1587-1605 

Advantages of reversing mill over three-high mill. General discussion 
of the problem of driving reversing mills. Power requirements and 
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methods of speed control. Design data for control apparatus and fly¬ 
wheels. Description of reversing mill of Illinois Steel Company. 

Discussion, pp. 1606-1616, by Messrs. Karl A. Pauly, F. G. Gasche, R. 
Tschentscher, Theodore Hoock, Wilfred Sykes. 

General discussion of the relative merits of reversing two-high and non¬ 
reversing three-high mills. 

ELECTRICITY IN THE LUMBER INDUSTRY 
Edward J. Barry Vol. xxx—1911, pp. 1081-1085 

General outline of the uses to which electric energy can be put in the 
logging and lumber industry. 

Discussion, pp. 1086-1088, by Messrs. R. L. Noggle, J. A. Lighthipe, C. 
Pemsehel and Ralph Bennett. 

Power required by lumber machinery. 


21. TELEPHONY AND TELEGRAPHY 

NEW AUTOMATIC TELEPHONE EQUIPMENT 
Charles S. Winston Vol. xxx—1911, pp. 915-937 

Description of construction and mode of operation of new automatic 
telephone switching apparatus. Photographs and connection diagrams. 

Discussion, incorporated with that of paper by Edward E. Clement on 
“ The Semi-Automatic Method of Handling Telephone Traffic.” 

THE SEMI-AUTOMATIC METHOD OF HANDLING TELEPHONE TRAFFIC 
Edward E. Clement Vol. xxx—1911, pp. 939-974 

Description of authors semi-automatic “ clearing-house ” method of 
operating telephone switchboard. Discussion of the relative merits of 
manual, automatic and semi-automatic systems. Study of the savings 
in time, money and space that can be effected by substituting semi¬ 
automatic for manual telephone systems. 

Discussion, (including that of paper by C. S. Winston on New Auto¬ 
matic Telephone Equipment) pp. 975-1005, by Messrs. J. W. Gilkyson, 
Mr. Keller, K. B. Miller, A. H. Griswold, A. H. Babcock, Ralph W. 
Pope, F. C. Newell, Jr., Ralph Bennett, W. D. Moore, Mr. Schuler, 
H. B. Tupper, C. L. Cory, Arthur Bessey Smith, Henry P. Clausen, 
C. S. Winston and E. E. Clement. 

General remarks on the relative merits of automatic, semi-automatic 
and manual telephone systems, experience with automatic and semi¬ 
automatic systems. 

SOME RECENT DEVELOPMENTS IN RAILWAY TELEPHONY 
Gregory Brown Vol. xxx—1911, pp. 1007-1036 

Outline of requirements of train dispatching service, messenger service 
and block service. Description of various telephone systems in use on 
railroads. Photographs of apparatus and circuit diagrams. 

Discussion , pp. 1037-1048, by Messrs. Kempster B. Miller, L. B, 
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Cramer, Ralph Bennett, Ralph W. Pope, C. F. Elwell, S. G. MeMeen, 
J. A. Lighthipe, S. J. Lisberger and Gregory Brown. 

Experience with telephony in operation of railway and transmission 
systems. 

MULTIPLEX TELEPHONY AND TELEGRAPHY BY MEANS OF ELECTRIC WAVES 

GUIDED BY WIRES 

George O. Squier Vol. xxx—1911, pp. 1617-1665 

Account of exhaustive investigation of transmission of high-frequency 
energy over existing telephone and telegraph circuits, superimposing the 
high-frequency energy on the telephone energy without interference. 
Use of wireless sending and receiving apparatus on wire lines. Con¬ 
nection diagram, resonance and other performance curves from tests. 

Discussion, pp. 1666-1681, by Messrs. Frank B. Jewett, E. F. W. 
Alexanderson, John B. Taylor, S. G. MeMeen, Frank F. Fowle, Bela 
Gati. 

Commercial adaptability of author's system. Measurements on high- 
frequency circuits. 

TELEGRAPH TRANSMISSION 

Frank F. Fowle Vol. xxx—1911, pp. 1683-1738 

Mathematical theory of telegraph transmission. General equations 
developed and applied to simplex, duplex and quadruplex systems. 
Discussion of changes in relays, terminal relays and line insulators that 
will improve transmission. Effect of various factors on transmission 
presented in tabular form. 

Discussion , pp. 1739-1741, by Messrs. Bancroft Gherardi and Frank 
F. Fowle. 

Choice of insulator and conductor material for telegraph line construc¬ 
tion. 

THE COMMERCIAL LOADING OF TELEPHONE CIRCUITS IN THE BELL SYSTEM 
Bancroft Gherardi Vol. xxx—1911, pp. 1743-1764 

Brief statement of the formulas used in calculating transmission over 
loaded lines. Methods used and results attained in the loading of over¬ 
head lines and underground cables. Construction of loading coils. 
Effect of loading in modifying telephone practice. 

Discussion , pp. 1765-1773, by Messrs. E. H. Bangs, F. B. Jewett, E. H. 
Colpitts, E. B. Craft, Allard Smith, J. G. Wray, Frank F. Fowle, Bancroft 
Gherardi and G. D. Shepardson. 

Changes brought about in terminal apparatus and outside plant by 
loading lines. Difficulties involved in the development of practical 
methods of loading. 

PROBLEMS IN TELEPHONE TRAFFIC ENGINEERING 
F. P. Valentine Vol. xxx—1911, pp. 1175-1796 

Discussion of the factors that make up good service. Relative efficiency 
of different methods of handling traffic, with special reference to toll. 

Discussion , pp. 1797-1801, by Messrs. A. P. Allen, W. Lee Campbell, 
Bancroft Gherardi and F. P. Valentine. 

Efficiency of telephone apparatus. 
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22. MISCELLANEOUS TOPICS AND INSTITUTE AFFAIRS 

ELECTRICAL ENGINEERS AND THE PUBLIC 

PRESIDENT’S ADDRESS 

Duagald C. Jackson Vol. xxx—1911, pp. 1135-1142 

The duties of the engineer to the public, with special regard to his 
attitude toward public service corporations. 

No discussion. 


RESPONSIBILITIES OF ELECTRICAL ENGINEERS IN MAKING APPRAISALS 
H. M. Byllesby Vol. xxx—1911, pp. 1251-1265 

Developments of electrical industry. Part played by capital in the 
development of electric public utilities. Intangible values to be considered 
in the valuation of such properties. 

Discussion , incorporated with that of paper by Henry Floy on “ Depre¬ 
ciation as Related to Electrical Properties.” 


DEPRECIATION AS RELATED TO ELECTRICAL PROPERTIES 
Henry Floy Vol. xxx—1911, pp. 1267-1309 

Definition of terms entering into depreciation. Classification of factors 
that make up depreciation. Explanation of various methods of calculating 
depreciation. Tabulated cases of depreciation rates used by different 
authorities. Method of determining value of physical properties. Use 
of 50 per cent method. 

Discussion , (including that of paper by H. M. Byllesby on “ Responsi¬ 
bilities of Electrical Engineers in Making Appraisals ”), pp. 1310-1356, 
by Messrs. Bion J. Arnold, W. F. Wells, J. W. Lieb, Jr., Schuyler S. 
Wheeler, E. Leonarz, G. L. Hoxie, P. H. Thomas, W. A. Del Mar, F. W. 
Harris, Horatio A. Foster, J. G. Hirsch, Alten S. Miller, Frank F. Fowle, 
B. E. Sunny, Halbert P. Gillette and Henry Floy. 

General discussion of depreciation and the appraisal of public utilities. 


TURIN MEETING OF THE INTERNATIONAL ELECTROTECHNICAL COMMISSION 
SEPTEMBER 7-13, 1911 

Vol. xxx—1911, pp. 2507-2518 

Provisional report from the United States National Committee to the 
Board of Directors covering history of International Electrical Congress, 
organization of Congress, and brief notes on the sessions at the Turin 
meeting. 


THE INTERNATIONAL ELECTROTECHNICAL CONGRESS OF TURIN 

Vol. xxx—1911, pp. 2519-2533 

Report of the American Institute of Electrical Engineers Delegation 
to the Board of Directors, covering organization, list of delegates and list 
of reports and papers presented. 
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STANDARDIZATION RULES OF THE AMERICAN INSTITUTE OF ELECTRICAL 

ENGINEERS 

Vol. xxx— 1911, pp. 2535-2585 

Standardization rules of Institute with International rules approved 
by the Turin Congress. 


REPORT OF THE BOARD OF DIRECTORS FOR THE FISCAL YEAR ENDING APRIL 

30, 1911 

Vol. xxx—1911, pp. 2586-2603 

Report of the Board of Directors and various committees. 
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Acceleration, electric elevators. 1566 

dash-pot timing. 1570 

reversing mills, power requirements. 1592 

Admittance, transmission line, equation. 2267 

Age critical, formula.. .. 

Air, critical surface intensity, definition. 1858 

dielectric strength. 1979 

cause of increase near conductor surface.... 1 

electric, breakdown, theory. 1883 

conductivity, theory. 1883 

e. m. f. gradient at surface of conductor, equation. 1931 

free ionization, amount. 1861 

friction, formula. 2434 

rupturing gradient chart for different electrodes. 26 

strain required to extract electrons. 33 

Aluminum, coefficient of expansion. 2292 

corrosion in concrete, tests.2074 2075 

elastic limit. 2215 

elongation. 2292 

modulus of elasticity...2215 2292 

temperature coefficient of expansion. 2215 

tensile, strength... 2215 

Amortization, method of calculating. 647 

providing. 683 

Apartment houses, power plants. (See power plants.). 

Apparatus, electrical, dielectric tests, international standard. 2582 

efficiency measurement. International 

• standard. 2581 

guarantees, International standard. 2585 

losses, standard tests. 2548 

overload capacity, International standard... 2575 

standard. 2561 

rating, International standard. 2571 

regulation, International standard. 2576 

standard classification. 2542 

temperature rise, International standard.. .. 2576 

standard. 2560 

induction, stationary, standard definitions.. 2542 

Appraisal public service corporation property. 1259 

Arc, furnace, efficiency. 860 

Poulsen, generation of high frequency energy. 2454 

time lag, shown by oscillograms.». 360 

Arcing e.m.f., effect of frequency. 188 

ground, action in establishing surges. 321 

burning off line wire. 323 

conditions under which self-extinguishing. 319 

effect on line insulators. . .. 320 

transmission line. 319 

suppressor, general principles. 260 

Armature, chord-wound, effective turns, calculation. 2393 

direct-current, geometrical neutral determination. 2419 

end flux, definition. 2366 

effect on commutation. 2366 

formula. 2367 
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Armature, ( continued ) 

fluxes, classification with regard to commutation. 2361 

interpolar flux, definition..... . 2362 

e.m.f., calculation. 2364 

slot flux. 2369 

commutation. 2371 

Atmosphere, dielectric strength. 1979 

Attenuation constant, long transmission line, formula. 99 

telephone transmission, formula. 1745 

curve, long telephone circuits. 1667 

effect on frequency. 1662 

high-frequency telephone circuits.. .. 1662 

long-distance, telephone, reduction. 1676 

Ball electrode gaps, striking e.m.f. curve. 178 

Band saws, power required. 1082 

Battery, storage, car, on Erie R.R. 1489 

Long Island R.R. 1489 

cost compared with fly-wheel. 730 

experience in New York Edison Co. 1481 

for railroad car operation. 1489 

reasons for using on N. Y. C. R.R. 1466 

Bibliography of current limiting reactors..,. 1194 

electrolytic corrosion of iron. 2079 

hyperbolic functions, tables. 2495 

turbo-alternator, short-circuits.. 1194 

Boilers, erected, cost.‘.. 674 

probable life. 650 

shops, load factor. 666 

Bolt-peak, definition. 300 

Boston Edison Co., character of territory served. 141 

map of transmission system. 144 

suburban service, analysis of actual results. . . 162 

Braking electric elevator. 1566 

regenerative, with phase converters. 1495 

Brass, radiation power..... 433 

Breweries, load factor. 666 

Brush curves, definition. 2422 

Buck’s wind pressure formula.... 2290 

Bunnel duplex relay, reversing current required. 1717 

Busbars, mechanical forces due to heavy current. 392 

Cable, critical e.m.f., relation to number of strands. 1867 

disruptive critical e.m.f. gradient, tests. 1933 

Capacity electric, effect of frequency. 188 

transmission lines, formula. 2265 

two parallel wires, formula, exact.. 2265 

Capacity, one wire transmission line, earth return, calculation ex¬ 
ample. 283 

electric solenoid formula. 247 

two-wire transmission line calculation, example. 281 

one wire grounded, calcula¬ 
tion, example. 282 

wire surrounded by grounded conductors, calculation... 291 

Carbon dioxide, striking e.m.f. between needle points at different 

pressures. 28 

Carriage works, load factor. 666 

Cars, railway, average life. 1348 

Catenary bridge, three-track construction. 1445 

typical. 1446 

construction on New Haven Road. 1433 

stress sheets. 1451 

tangent bridge, six tracks, New Haven 

road, construction. 1446 

Cathode rays, Alexander method. 1105 

power indicator. (See Power.). 
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Cathode (continued) 1inn 

tube indicator diagram, method of recording. 1109 

price... 

vacuum, method of lowering.* ■ 1 

Cavitation, definition. J?j7 

Cement, chemistry of hardening process. -ooo 

compressive strength. -Obb 

insulator, shearing strength.• • • • * • • ■ * zfj” 

resistance, measurement."061 ^063 <^066 

specific gravity. "05/ 

resistance..... 

tensile strength.. "05^ 

Washington, specific gravity. *0o/ 

tensile strength.. 2057 

wet, specific resistance. 2064 

Central Colorado Power Co., map of main transmission lines. 78 

transmission line, description. 2007 

no-load line losses, tests. 337 

Central station, average size, 1902 to 1907. •••■•* *245 

comparison, large and small, investment and kw. . 147 

operating expense. 148 

direct-current, 3-wire, service characteristics. 1213 

fixed charges compared with isolated plant. 709 

high-tension, three-phase compared with low- 

tension d.c. 1216 

instrument control panels, requirements. 1230 

modern, development.. .... 1214 

operating cost compared with isolated plant. 709 

operation, importance of reactance. 1217 

wiring, layout.... : v .. 499 

with current limiting reactors. 1220 

Chicago Edison, turbo-alternator, experience. 1144 

Chicago Railways System, cost of maintenance and replacements 1297 

Circuit breakers, oil, behavior under short circuit. 1230 

current interruption, oscillogram. 498 

high-tension tests... 520 

horizontal, break conditions.. .. .. 1227 

mechanical pressure under short circuit. 513 

rupture, current, oscillograms. 520 

e.m.f., oscillogram.520 1201 

tests, method. 1196 

results.. 1199 

short-circuit, rupture oscillogram. 1200 

speed-time curve. 1206 

utilization of explosive energy. 1210 

voltage across contacts, oscillograms. 498 

Circuits, general equation. 878 

net work, effective impedance. 884 

power division between resistance and reactance 896 

three-phase, resolution into single-phase circuits. 2496 

Cisoidal oscillations. (See Oscillations.). 

definition. 873 

City of Niagara Falls, Map of transmission lines.... 137 

Clement semi-automatic telephone system. 950 

Cloth, charring temperature. 1554 

safe working temperature. 1554 

Coal consumption, isolated plants. : . 680 

steam locomotive, express service. 1393 

freight service. 1393 

local passenger service. 1393 

hoists, probable life-•.. - 650 

Coherence-resistance curve for short-spark gap. 121 

Colorado Power Co., map of transmission lines. . ... 338 

Commonwealth Power Co., map of transmission lines. 135 
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Commutating pole, parallel wound machine, operation. 2398 

Commutation, brush curves, definition. 2422 

examples. 2423 

calculation, given brush lead.2383 

formulas, approximate. 2385 

chord winding.2366 2369 

effect of slot flux. 2374 

current density, distribution. 2414 

effect of brush lead. 2380 

width.2365-2373 2375 

end fluxes. 2366 

field distortion. 2379 

interpolar armature flux. 2362 

electromagnetic-induction theory, development.. . . 2360 

end fluxes, definition... 2366 

e.m.f. formula. 2368 

formula. 2367 

fluxes, classification.. 2361 

equations. 2384 

interpole machines, short-circuit. 2401 

pitch windings.2364 2367 

effect of slot flux...,.2370 2376 

reactance, voltage, calculation, table. 2410 

requirements, International standard. 2574 

slot flux, calculation. 2371 

definition... 2369 

e.m.f. formula. 2372 

specifications, International standard. 2574 

Concrete, compressive strength. 2066 

protective value, electrolytic corrosion, tests. 2056 

reinforced, aluminum, corrosion test.2074 2075 

building, electrolytic corrosion, description.. 

2084 2090 

compressive strength, effect of stray current 2068 

corrosion, coating, effect on adhesion. 2078 

electrolytic, actual example.. 2084 2090 

alternating current.. 2099 

Bureau of Standards 

investigation. 2080 

carbon electrode tests 2097 

causes.”.. .. 2059 

practical current den¬ 
sity. 2081 

protection by alter¬ 
nating current. 2070 

reducing efficiency. .. 2083 

protective coatings, 

tests. 2076 


University of Ver¬ 
mont investigation 2092 
University of Wash¬ 
ington investigation 2056 
waterproofing, action, 2082 


tests. 2058 

resistance characteristic. 2097 

stray currents, alternating destructive action 2099 

effect on resistance. 2097 

protection by aluminum coat, tests 2072 
coating, effect on 

adhesion. 2078 

impregnation with 

non-conductors.. 2071 

metal coatings.... 2076 
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Concrete, reinforced, stray currents, protection by (<continued ) 

metallic covering 

negativity. 

reducing corrosion 

efficiency. 

methods of clas¬ 
sification . 

waterproofing action... 

resistance, measurement.2061—2063 

specific resistance.. 

wet, specific resistance. 

Condensers, plate, construction. 

Conductivity, standard definition.. 

Conductors, electric field, effect of grounding.. 

e.m.f. gradient at surface, equation. 

parallel, forces due to heavy currents... 

mechanical forces between, equation. 

solid, compared with stranded as to corona formation 
stranded, compared with solid as to corona formation 

effect critical e.m.f..1863 

Coney Island and Brooklyn R.R., power plant, description. 

Connecticut River Power Co., e.m.f. regulation. 

Consolidated Gas Co. case, N. Y. report. 

Contacts, choice of type for'given service.. 

controlling factors in opening and closing. 

limitations in rheostat design. 

Control, speed, motors, a.c. commutator, analytical study. 

methods.2463 

polyphase, methods. 

single-phase on poly¬ 
phase circuit. 

induction by concatenation. 

frequency changer. 

internal concatenation, 

diagram. 

pole changing. 

regulating motor. 

Heyland-Ruedenberg 

system. 

Kraemer system. 

, Scherbius system. 

speed-torque, equation. . . 
armature, shunt resistance, determination. 

automatic, advantages. 

“ holding-out ” magnet, use. 

manual, disadvantages. 

regenerative with phase converter. 

reversing controller, wiring diagram. 

rheostatic, feasible cases.: . 

limitations. 

limit of stepping. 

series current-limit contactor, construction 

1523 


2073 

2070 

2083 

2070 

2082 

2066 

2064 

2064 

1103 

2558 

276 

1931 

381 

406 

1866 

1866 

1865 

697 

563 

1302 

1560 

1560 

1559 

2476 

2474 

2480 

2488 

2468 

2472 


2471 

2467 

2483 

2485 

2482 

2483 
2457 
1552 
1521 

1537 
1519 
1495 
1530 
1549 
1547 
1549 

1538 


6 objections to 


damping 

magnet... 1544 

controller, construction 1522 

mechanical.. 

interlock. 1541 

wiring dia¬ 
gram. 1526 

electrical interlock. 1541 

method of operation.. .1526 
starting curves. 1530 
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Control, speed, motors, (, continued) 

voltage methods. 

standard, classification. 

pulsation. 

variation, standard definition. 

transmission systems, non-automatic, advantages 

Controller, automatic elevator, performance. 

Converter, frequency^ effect of limiting reactor. 

phase, active material, ratio to total weight.. . 

compared with motor-generator. 

efficiency. .. 

general theory... 

performance characteristics. 

power factor. 

vector diagram, starting conditions. 

weight. 


synchronous, effect of current-limiting reactor... .11S6 
split-pole, effect of current-limiting 

reactor..... 

Cooling air, electric machines, radiation power. 

electric motors on board ship.538 


oil, effect of heat radiation on friction of ventilating ducts 

Coordinates, polar, alternating quantities. 

advantages . 

disadvantages. 

rectangular, alternating quantities. 

advantages. 

disadvantages.... 

Copper, annealed, coefficient of expansion. 

elastic limit. 

elongation... 

modulus of elasticity.2215 

temperature coefficient of expansion. 

tensile strength. 

conductivity, standard. 

elongation test... 

hard-drawn, coefficient of expansion. 

elongation. 

modulus of elasticity.....2215 

temperature coefficient of expansion. 

tensile strength. 

temperature coefficient, of resistivity, Internat. standard. 

table... 

Cores, laminated, space factor.. 

specific weight. 

Core loss measurements, high frequency. 

tests, 40,000 to 200,000 cycles.. 

Corona, conductor spacing to avoid, equation. 

critical distance, definition... 

between parallel wires. 

e.m.f. definition._. 

different conductor diameters, and spacmgs 
distinguished from critical loss e.m.f. 

effect of antecedent ionization. 

captured ionization. 

dirt on wire. 

electrode shape. 

fog....1955 

frequency.. 

. tests... 

frost... 

hard^ drawing wire.. 

humidity.... .. 

ionization. 


1593 

2543 

2544 
2544 
1069 
1568 
1184 

1368 
1493 

1369 
1360 
1366 
1495 
1362 
1366 
1188 

1182 

487 

540 

442 

577 

593 

593 

576 

592 

592 

2292 

2215 

2292 

2292 

2215 

2215 

2558 

2215 

2292 

2292 

2292 

2215 

2215 

2580 

2568* 

788 

788 

2436 

2438 

97 

1972 

1971 

1985 

352 

124 

51 

53 

53 

55 

1957 

1868 

1870 

1955 

51 

1953 

1862 
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Corona, critical e.m.f., effect of ( continued ) 

moisture. 1955 

parallel conductor. 1862 

phase unbalance. 62 

pressure. 1874 

tests. 1876 

rain. 1955 

sleet.1955-1958 1959 

smoke.1953 1895 

snow.1955 1958 

stranding.5 1863 

tests. 1865 

wave form ..... 1868 

wind. 1953 

empirical equations, atmospherical condi¬ 
tions . 97 

equation._.. 67 

various atmospheric conditions. 69 

function of conductor diameter and spac¬ 
ing equation. : . 352 

gradient at conductor surface, equation.. . 1931 

law. 357 

Paschen’s pressure law.•. 1874 

relation to conductor diameter. 1859 

frequency .. 1871 

different diameters.. . 1873 

number of strands in cable... . 1867 

pressure, different diameters.. 1877 

formula.• 1878 

stranded and solid conductors. 1866 

radial distance, equation. 1979 

surface intensity, definition. 1858 

effect of ionization. 1862 

equation.68 110 

relation, diameter and pressure. 1881 

pressure, different wire 

diameters.. . 1879 

formulas. 1880 

required to start. 2 

disruptive critical e.m.f. 1909 

distinction from visual e.m.f. 1966 

effect of barometric pressure. 1951 

- temperature. 1951 

equation English units. 1899 

evidences. 1986 

formula. 1890 

gradient for cables, tests. 1933 

wires, tests. 1932 

relation to visual critical e.m.f.. . 1947 

formation cause. 1885 

analogy to establishment of current in mercury 

vapor lamp. 106 

classification of dirt on conductor as to effect.. 54 

effect of altitude. 40 

electrode shape. 55 

electron theory, defense. 125 

factors causing irregularity. 64 

uniformity, conditions that affect. 4 

investigation, advantages of concentric cylinder method.. 57 

ionic theory. 1968 

loss, at different e.m.fs. during snow storms. 363 

frequencies and e.m.fs... 1922 

characteristic curve.1891-1892 1893 

due to power equation. 362 
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Corona loss, ( continued) 

effect of frequency.1922 

grounding transformer cases. 

line current. 

on lightning disturbances. 

equation...90 

example of calculation.. 

experimental investigation... 

factors which affect. 

fair weather, complete formula. 

equation. 

from insulated conductor, effect of immersion in oil... 

ionization theory, discussion. 

measurement. 

accurate. 

apparatus, connection. 

near disruptive critical e.m.f. ; . 

observed at different e.m.fs. up to 250,000 volts. 

tests, apparatus, description. 

curves.1915-1916 

data tabulated.1918 

on high-tension line.. 

tabulated data from various sources. 

weather conditions, effect. 

in oil, surface strain required to produce. 

photographic study. : . 

starting, surface intensity, equation. 

surface intensity, relation to diameter. 

calculated and ob¬ 
served. 

terms, definitions. 

tests, 250,000-volt line. 

visual critical e.m.f., distinction from disruptive e.m.f. 

equation. 

gradient, different diameters parallel 
wires. 


parallel wires... 

relation to disruptive e.m.f. 

very small distances. 

Cost analysis, electric energy production. 

conduits, arc lighting system. 

electric energy, classification. 

electric energy production, factors. 

fixed charges. 

gas engine plant. 

isolated plants. 

steam plant.... 

gas-electric power plant. 

generator, erected.. 

hotel power plant operation... 

irrigation, Minidoka project, construction. 

operation. 

Salt River project. 

lighting street, arc system.... 

items that affect. 

large cities.. 

lining Rochling-Rodenhauser induction furnace- 

locomotives, electric single-phase. 

ore handling by electricity... 

with fly-wheel load equalizer. 

railway, average, yard construction.. .. . 

construction. 

electric, d,c., car maintenance. 

repairs. 


. . ..651 
662-685 


1924 

63 

61 

314 

362 

1896 

362 

1895 

1894 
1890 

89 

1882 

1098 

1904 

1906 

1935 

112 

1901 

1917 

1920 

115 

70 

1895 
32 

1946 
1980 

1859 

1860 
65 

111 

1966 

1982 

1945 

1942 

1947 
1970 

637 

1133 

2182 

655 

672 

652 

681 

682 

689 

675 

695 

818 

819 

833 

1131 

1124 

1123 

864 

1441 

737 

737 

1441 

1381 

1386 

1386 
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Cost, railway, elect rtf, * 1 .t *,, {rout mut'd i 

*a :><rt. 

single -phase, Met. ? nM\J s >n . 

yard elect ritieat s > * - * 
rehabilitation nl ni<l tarn! . 

steam ■ elect rie pnwer plant ti.M) tipp 

engine erect ed.. 

high-speed. ..... 

steel product inn in induction lunm* ■<.* 
substations, railway, maintenance 

telephone, automatic service,. 

manual operation. 

semi-automatic opera* am , , 

transformer, copper h*s-;. 

iron loss. 

formula 

losses, imlculaJ hm, example. . . 
magnetising current h e ., . 


nprrutinn, elascihi atm m. 

effect in c< *pjuT ho-.. 

magnet uuug rr.frr n? . 

regulation, formulas. 

tanks, eornigaUM iw.t jr* ..... 

plain boiler plate 

* irnif ... . 

('rank diagram, limit at inns . 

alternating quant it a-:;, a*U nra .pa-■. 

Critical corona tun.f., method of determining 

('ross arms, lift*..... ... 

Wooden, insulating value .... 

Current-limiting rear tors, air more machine;, bv.ii o«m 

(Current, standard rhdinitioii. 

Current, stray, e.m.h, probable nommis 

< 'u touts, porcelain, lib*.. . 

I >cfmiUons, standard. 

Depreciation, absolute, dehmimre 

dial in*:? inn to >m thc».*o-t.i } ,.p 

actual example.; . .. 

annual allowance, formula. 

dctennitialion. ... 
calculation, conditions . . 

Use of' Hollerith .a, stria 

method. 

* * '"i I ot product ion a: factor. 

..“on rjtm i;i;M o;u! laia !;at> 

development exp< n e iiu ,, p, r .?,, r 

diagrams,... 

due to ina.dtap.mcy, deferuftimfnas 

•T.c. . . . . , /.. 

decrepit ude , 
deferred tuaiulntaitee 
inadequacy, 
obsolescence., : ........ 

deti'ninnatnar . , 

suppression. 

wear and tear. .. , ; . . 
electric railways. 

estimation, method.. ' p; 


1 MS 
IMS 

1 M<! 
Ml 
1 1 1 
SI 
(H> 
t»7 
07 
SO 
IMS 
01 
00 
00 
21!) 
210 
210 
210 
210’ 
210 
2 IS 
2 IS 
21 S' 
2 10' 
2 i o: 

•In! 

‘lot 
■la! 
*la( 
aNf 
aft 
alt 
MOi 
I 12! 
M1f 

1 2M.' 

2 act! 
20S> 
1 12! 
2aM, 
127! 
t M.V 
12P1 
12st 

12! M 
1201 
1MH 
i 12S 
1272 
Hide 

1271 
1270 
120-I 

1 2 i < 

1277 
127s 
1277 
127S 
1201 
J 277 
1270 
l Mis 
12S1 
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Depredation, ( continued) 

fixed charge in electric energy production. . .. 639 

lormuia for critical age. 13 cm 

franchise factor. ..^ ^ ^ ; 1276 

l.tind, objections to including interest.‘. 1325 

lunding formula,.. 1286 

going value as factor. 1275 

good will as factor.i . . 1276 

50 per cent method, disadvantages.’ ' 133q 

original cost as factor. 1272 

present value as factor. 1273 

intangible values as factor. 1271 

50 per cent method.’’’ 1397 

rates, various authorities. 1287 

scrap value as factor. 1272 

service value as factor. 1273 

theoretical definition. 1279 

distinction from absolute. 1354 

total, determination. 1298 

Demand factors, standard definition. 2544 

Detroit Edison system, cost of maintenance and replacements.. . . 1297 

Development expense, definition. 1347 

Dielectric, definition. 1934 

effect of high temperatures. 427 

moisture on insulating properties. 240 

hysteresis indicator. (vSee Hysteresis). 

rupture, analysis of phenomena. 203 

strength, effect of frequency. 188 

lamination. 203 

standard definition. 2555 

tests. 2555 

variation with thickness. 202 

terminology. 1984 

testing, circuit diagram. 184 

effect of dimensions of test piece. 190 

duration of stress. 186 

form of electrodes. 189 

test piece. 190 

frequency. 188 

generator, essential characteristics. 169 

instructions for commercial work. 185 

testsing, International standard. 2582 

oil. 193 

construction special spark gap. 194 

s< mrecs <>f energy required. 168 

transformer, choice.172 

design data. 174 

Discharge, electric, dynamic features. 10 

investigation of Nipher. 10 

photographs. 12 

relation between current and stress. 17 

short spark apparatus for investigating. 120 

definition. 119 

spark, maximum surface gradient required. 30 

Disruptive, critical e.m.f. definition. 1909 

Distribution, a. c., advantages.... 1215 

cable system, arcing ground suppressor. 265 

d.c.,ad vantages. .1244 

3-wire service, characteristics. 1213 

electric, advantages in sparsely settled regions. 131 

losses in .suburban system. ; . 163 

plant, suburban, factors determining success. 152 

railway, d.c. 1500-volt, energy loss. 1508 

double-track reactance. 1419 
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Distribution, railway, {continued) 

single-phase, 11,000-volt, energy loss. 

average,yard construction,cost 

four-track reactance. 

resistance. 

line construction, four-track, 
cost. 

six-track, 

cost.. 

two-track 
cost. 

measurement of trolley wear . 
selective system of clearing. .. 

six-track, reactance. 

resistance. 

steel contact wire. 

experience. .. 

track resistance. 

voltage drop, New Haven road 

standard e.m.fs.. ... 

frequencies. 

three-wire system, Tirrill regulator connections. 

unified system, advantages. 

for several towns, advantages. 

use of current-limiting reactors in feeders. 

voltage drop, New Haven system. 

without e.m.f. drop. 

Diversity factor between different towns. 

definition. 

effect on load, factor. 

interconnected generator plants on same system.. 

standard definition. 

Earth, potential... ; .. •. 

Earth’s field, strength in relation to altitude. 

Eastern Michigan Edison Co., character of territory served. 

map of transmission lines. 

Eddy currents, general equations.• * • 

losses, alloyed steel.748 

iron at high temperatures.767 

standard steel.748 

two-frequency method of separating from 

eddy-current loss. 

Edgers-, wood, power required. 

Edison loud-speaking telephone ... 

Education, organization, defects in present system... 

proposed for state university.2339 

Efficiency, apparent, standard definition. 

equation, electromagnet.•. 

furnace, Rochling-Rodenhauser.. 

gearless electric elevators. 

induction furnace. 

irrigation, electric system.. 

measurement, International standard method. 

phase converters..* • • •. 

Rankine, steam turbines, high speed. 

low speed. 

rolling mill, reversing. 

standard definition. 

test... 

thermal, gas-electric plants. 

steam-electric plants.. 

transmission, constant potential.'• 

worm gears. 

electric elevators, .*.. 


1508 

1441 

1420 

1420 

1441 


1441 

1426 

1510 

1421 

1421 
1510 
1425 
1419 

1422 

2562 

2563 
570 
155 
155 

1221 

1418 

604 

146 

143 

146 

145 

2544 

38 

47 

141 

143 

903 

753 

769 

753 

761 

1083 

1043 

2346 

2346 

2547 

374 

871 

1582 

860 

820 

2581 

1369 

529 

529 

1599 

2547 

2547 

662 

661 

622 

1584 

1582 
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Elastic limit, copper, hard-drawn, tensile strength. 2215 

Electrical machinery. (See Machinery.) 

Electrical winds, definition... 14 

Electricity, speed of propagation. 1678 

Electromagnet, a. c. theory constant-potential,.* 375 

series.. . ’ 367 

air-gap, reluctance formula... .. 2020 

cheap, magnetic circuit, design. 2051 

compact, magnetic circuit, design. 2051 

constant-current, theory of operation in series.. . . 369 

continuous excitation, ampere-turns, formula. 2031 

choice of density. 2025 

core diameter, ratio to 

coil diameter. 2033 

core dimensions, formula... 2031 

cost, formula. 2028 

energy output, formula.. . . 2038 

flux density, choice... . 2030 2040 

full effect of fringing. 2037 

radiation surface. 2026 

specific pull, choice. 2041 

volume, formula. 2027 

weight, formula. 2027 

efficiency equation. 374 

intermittent excitation dimensions, equation. 2047 

flux density, choice...... 2034 

light duty, design...'. 2052 

m.m.f., formula. 2020 

plunger, a. c. work equation.371 376 

core diameter, ratio to coil diameter. 2036 

current characteristic. 388 

magnetic circuit, design.2049-2050 2051 

. mechanical work, equation. 371 

performance. 387 

work, calculation, eqample. 373 

tractive, design, literature references. 396 

polar enlargement, design. 2053 

pole, small air-gap, formula. 2019 

pull, choice. 2041 

effect of fringing. 2037 

formula. 2052 

winding data. 2048 

E.m.f. high, measurement, experience with exploring coil. 229 

voltmeter coil in trans¬ 
former. 181 

spark gap, effect of 

transient e.m.f. 224 

standard definitions. 2539 

values. 2562 

unbalance, method of overcoming. 1359 

Electrons, brief theory. 35 

negative charge, amount. 1884 

strain required to extract from air. 33 

theory, defense.114 125 

Energy, electric, high frequency, generation by Poulsen arc. 2454 

production, cost, effect of using exhaust steam... 661 

Elevators, electric, braking. 1566 

dash-pot timing of acceleration. 1570 

energy consumption..•. 1582 

gearless, circuit diagram. 1578 

counter e.m.f. system, performance... 1580 

dash-pot control apparatus. 1581 

description. 1576 

speed. 1582 
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Elevators, electric, ( continued ) 

method of acceleration. 

performance curves. 

worm-gear advantages. 

circuit diagram. 

efficiency.. 

speed. 

relation between pump strokes and passengers per day.. 

Emanations, radioactive in nature..... 

Energv consumption, elevators, electric..... 

locomotives, electric, express service. 

local service. 

rolling mill, reversing.. 

cost, for railway operation... 

electric production cost, amortization factor. 

depreciation factor. 

effect of bleeding turbines. 

load factor. 

all exhaust steam used. 


factors. 

insurance factor.638 

interest factor.638 


investment factor. 

isolated gas engine plant. 

steam plant.. 

marginal principle. ; . 

discussion.... 

obsolescence factor. 

supervision factor.641 

taxes.. .. 

fixed charges, analysis.• 

single-phase, transformation to polyphase. 

Engine, steam, 100-kw., cost erected. 

high speed, 100 kw., cost. 

. probable life-• • • : .■ • * • • • * • 

Engineer, consulting, point of view in appraisals of public utilities 

electrical, duties to public... 

Entry, construction, 30,000-volt. 

Erie R.R. storage battery car.• • . 

Exciter regulation, effect on alternator regulation. 

saturation curve.. 

Factories, electric drive, advantages... 

rubber, load factor. 

soap, load factor.. 

sheet metal, load factor... 

wood-working load factor. 

Fair profit, definition. ; . 

Fan, speed regulation, definition... ; . 

Farms, worn out, cost of rehabilitation. ... 

Fiber, hard, dielectric, characteristics... 

strength at different thicknesses. 

Field, electric effect of grounding conductor. 

grounded phase, physical theory. 

magnetic, mechanical forces, general calculations. 

Flux density,-induction motor air-gap, formula. 

rotor core, formula. 

pole, formula.. 

Flywheels, built-up, limiting speed. 

weight. .. 

cast steel, limiting speed. 

weight. 

cost compared with storage battery. 

load equalizer, connection diagram. 

motor driven, connection diagram. 

steel plate, limiting size.,. 


1566 

1579 

1564 

1564 

1582 

1582 

693 

38 

1582 

1428 

1428 

1614 

1390 

647 

639 
723 
660 
720 
655 
672 

674 
703 
652 
651 

641 
644 

640 
672 
672 
637 

1357 

675 
675 
650 

1261 

1135 

1065 

1489 

556 

557 
670 
666 

- 666 
666 
666 

642 
1550 

846 

201 

213 

276 

275 

382 

2154 

2154 

2156 

1598 

1598 

1598 

1598 

730 

734 

734 

1598 
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Fog, effect on corona loss.1895 1953 

Foote-Pierson neutral quadruplex relay, operating current. 1719 

Foundations, probable life. 650 

Franchise value. 1255 

Frequency, limits of output. 1617 

standard values. 2563 

Friction, air, high-speed disk, formula. 2434 

Frier, neutral quadruplex relay, operating current. 1719 

Furnace, arc, efficiency. S60 

objection. 867 

power factor. 859 

electric, advantages. 861 

construction. 764 

energy required to keep hot. 861 

method of starting. 861 

now in operation. 869 

in operation in 1904.’. 869 

induction efficiency.... 860 

1.5 ton, cost of steel production. 863 

energy required to keep warm. 864 

produce crucible steel. 863 

Kjellin, characteristics. 858 

power factor. 859 

Rochling-Rodenhauser, 2-ton, cost of produ¬ 
cing steel. 865 

5-ton, cost of produ¬ 
cing steel. 865 

7-ton, cost of produ¬ 
cing steel. 865 

advantages over 

Kjellin. 870 

characteristics. 858 

construction. 870 

cost to keep warm.... 864 

of lining. 864 

producing steel 871 

royalty charges. 863 

uniformity of mixture.862 

Gases, dielectric, behavior under pressure. ; . 102 

strength, relation to conductivity. 19 

electric breakdown, theory. 1883 

conductivity. 1883 

ionization, energy required.. ; . 102 

striking distance, relation to conductivity. 19 

Gears, worm, efficiency. 1584 

Generator, a.e., 100-kw., cost erected. 675 

100,000-cycle, construction. 1619 

installation. 1620 

200,000-cycle, design. 2433 

external reactance, choice of value. 1218 

high-frequency, air friction, formula. 2434 

speed measurement. 1641 

induction, advantages in hydroelectric plants. 1229 

behavior under short circuit.. . ... 1228 

short circuit characteristics compared 

with synchronous generator. 1248 

internal reactance, value. 1218 

protection, internal vs. external reactance. 1248 

reactance, relation to speed. 1234 

regulation, poor, desirability. 572 

short-circuit, bibliography. 1194 

single-phase, protection from short circuits. 1237 

star-connected, grounded neutral, resistance value. 1144 
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Generator, a.c., ( continued ) . , , . 

synchronous, short-circuit characteristics, com¬ 
pared with induction generator. 

three-phase compensation for unbalanced e.m.f... 

turbo, method of coil bracing. 

operation, experience. 

short-circuit current, effect. 

observed. 

4 per cent react¬ 
ance. 

6 per cent react¬ 
ance . 

series reactors 
1159 

relation to external re¬ 
actance .. ... 

disturbance, duration. 

three-phase, wave form. 

single-phase, protection from short circuit . 

d. c., connections for Tirrill regulator. 

probable life. # . ; . 

rolling mill operation, design... 

temperature rise, standard limits. 

Gill, selector description. 

Glass, radiation power.-.• .. 

Grand Rapids & Muskegon Power Co., map of transmission lines 

Graphite pencil marks, resistance. : . 

Great Fails Power Co., transmission line, description. 

Great Western Power Co., map of transmission system.......- 

tests of oscillations and potential rises. 

transmission line, constants. 

description.. 

Grounded wire, actual demonstration of protection afforded trans¬ 
mission line... 

copper clad steel, advantages... 

effect on transmission line capacity. 

installation, Central Colorado Power Co. 

Great Falls Power Co. 

Great Western Power Co. 

Southern Power Co. 

necessity of frequent grounding. 

protective value. 

Guarantees, International standard. 

Guy wires. (See Wire.)... 

Harmonic, third, star-connected transformers. 

Heat absorbing power, metallic surface. 

various materials. 

Heating by bleeding steam turbines. 

plant, fixed charges. 

operating charges. 

Herbert’s formula for telegraph transmission. 

Heroult, electric furnace. (See Furnace.). 

High-Tension Transmission Committee, list of questions. 

Hollerith system of making inventory. 

Hoosick tunnel, catenary construction. 

wiring diagram.. : ... 

yard, catenary construction. 

Hotel power plant. (See Power plants.)... 

distribution of steam consumption. 

typical load curve. 

Hotels, relation between number of guests and energy consumption 

Hudson River Electric Power Co., map of transmission lines. 

Humidity, effect on corona loss. ....... . 1895 

Hyperbolic cosines, table. 


1248 

1492 

1237 

1144 

1204 

1153 

1157 

1164 

1164 

1192 

1167 

1190 

1237 

568 

650 

1597 

2560 

1012 

433 

135 

1103 

2002 

1803 

1803 

1805 

1994 

312 

1230 

288 

2007 

2002 

1994 

1998 

314 

318 

2585 

482 

433 

433 

723 

657 

657 

1684 

1989 

1316 

1436 

1435 

1446 

690 

693 

695 

138 

1953 

2502 
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Hyperbolic (continued) 

functions, correction factor. 

tables, bibliography... 

transmission line, calculation chart 

sines, table. 

tangents table. 

Hysteresis, dielectric, effect of frequency. 

indicator, theory. 

measurement methods.. 

direct method of measurement. 


exponent, different flux densities.771 

temperatures.771 

method of calculating. 

loop, equation. 

loss alloyed steel.748 

at high temperatures.767 

effect of high temperature.76S-770 

standard steel.748 


two-frequency method of separating from eddy 

current loss... 

measurement, ballistic method compared with direct 

method. 

Ice, effect on design of wire spans.'. 

transmission lines. 

Impedance, effective, definition. 

equivalent, load, single-phase line, formula. 

three-phase line, formula. 

loci. 

mutual, elimination. 

self, elimination.. 

transmission line, equation. 

Inductance formula, solenoid. 

high-frequency telephone circuits. 

solenoid, formula. 

Industry, electrical, credit due capitalist. 

promoter. 

Industries, general, effect of electrical development. 

Ink, India, heat absorbing power. 

radiation power... 

Institute annual report.. 

financial report.■. 

Instruments, control panels, requirements... 

corona loss, measurement, description. 

standard definitions. 

Insulation, apparatus in open air... 

cotton, space coefficient... 

effect of high temperature._. 

moisture on dielectric properties... 

electrical apparatus, general rules. 

enamel, space coefficient.. 

resistance, high-frequency. 

standard. 

definition. 

silk, soace coefficients.. 

transformer, relation of energy loss to temperature rise, 
wire, cause of breakdown on surface of conductor.... . . 

distribution of electric stress. 

equation for dielectric stress. 

relation between outside diameter and e.m.f. 

Insulators, catenary construction. 

cement, shearing strength. 

dead end, 14,000-volt, cost. 

disk, calculation of angle. 


2504 

2495 

2272 

2501 

2508 

188 

1092 

182 

773 

SOI 

801 

789 

2453 

753 

769 

772 

753 


761 

775 

2232 

2283 

885 

2275 

2275 

892 

890 

890 

2267 

246 

1644 

246 

1254 

1254 

1252 

433 

433 

2586 

2601 

1230 

1901 

2543 

74 

1730 

427 

240 

226 

1730 

1676 

2554 

2554 

1730 

212 

240 

238 

238 

239 
1438 
2326 
1424 
2309 
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Insulators, disk, (continued) 

diameter, relation to surface resistance. 2306 

surface resistance, relation to diameter. 2306 

electric, dielectric strength. 199 

fibrous, dielectric strength, characteristics. 200 

glass, insulation resistance. 1707 

effect of weather.. 1708 

surface characteristics. 1707 

line, arcing-over tests, circuit diagram.. . 330 

automatic protector, performance tests. 329 

capacity, electric, effect of petticoat. 2308 

cement, shearing strength. 2326 

effect of arcs. 332 

arcing ground. 320 

frequency on efficiency. 2330 

flash-over, description. 2305 

distribution between conductors. 359 

methods of extinguishing.... 359 

nature. 2304 

lightning stresses. 2329 

effect of surface resistance. 2330 

method of establishing arc-over. 329 

porcelain, life. 1129 

surface characteristics. 1707 

puncture e.m.f., relation to diameter. 2315 

* rupture, analysis of phenomena. 203 

selection, use of puncture e.m.f., time curve..... 2315 

solid, dielectric strength, characteristics. 200 

strength. 2003 

stress distribution. 2320 

control. 2324 

striking efficiency, critical angle. 2309 

surface resistance, effect of petticoat. 2308 

nature. 2306 

suspension. (See Insulators, suspension.). 

catenary construction. 1446 

flash-over, photograph. 2319 

petticoat,diameter, relation to surface resistance. 2307 

surface resistance, relation to diameter. 2307 


porcelain, puncture e.m.f.—time curves, different 

factories. 2318 

strain, New Haven road, construction. 1446 

suspension, calculation of disk angle. 2309 

conductor spacing. 2299 

design. 2309 

distribution between units. 2334 

interlocking vs. cement. 2328 

trouble. 2285 

telegraph, insulation resistance. 1707 

standard types. 1735 

suspension type. 1737 

under-hung types. 1736 

viscous, dielectric strength. 200 

why spill-overs usually occur on one insulator........ 305 

Insurance, fixed charge in electric energy production.. . . . 638 

Interest, fixed charge in electric energy production. 638 

standard, method of charging. 674 

International Electrotechnical Commission, general officers. 2510 

Congress, 1908 meeting. 2508 

1910 meeting. 2508 

Turin, committees in attendance 2510 
countries participating.. 2509 

foreign Government dele¬ 
gates.- . 2522 
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International Electrotechnical Commission, Turin, ( continued ) 

historical outline... 2507 

organization. 

permanent results. 

report of Institute dele¬ 
gation . 

sessions. 

U. S. National 
Committee. 

reports and papers. 

section officers. 

social features. 

symbols adopted. 

Interpoles. (See Poles, commutating.).. 

Interpole machines. (Also see Machines.). 

definition. 

Investment cost, law. 

Ionization about high-tension lines, sources. 

brief theory.... 

by collision test. 

impact. 

experimental study. 

free, effect on critical e.m.f. 

gas, energy required. 

free in air, amount. 

secondary, potential gradient to produce. 

Townsend’s theory. 

theory, criticism. 

vapor product as measure. 

Ions, brief theory. 

energy required to produce. 

free, magnitude of charge. 

natural amount on land... 

over sea. 

negative charge, amount.. 

definition. 

nomenclature. 

positive, definition. 

Ionic theory of corona. 

Iron, behavior at high frequencies. 

cast, advantages as resistor. 

radiation constant. 

safe temperature:. 

core loss curve, 60 cycles... 

1740 cycles... 

relation to ampere-turns at different fre¬ 
quencies . 

frequency. 

corrosion, electrolytic, bibliography....• • • 

eddy-current losses....• • • 748 

high temperature, effect on hysteresis loss...768-7/0 

hysteresis loop, calculation. 

loss.... 

losses, average in electric machines. 

, magnetization, relation to frequency. 

magnetizing current, relation to frequency.. 

loss measurements, conditions which affect. 

time required to make. 

sheet, testing outfit, description.. 

shop testing outfit, connections. 

testing, disadvantages, small samples................. 

losses, Epstein method compared with Robert¬ 
son method. 


2519 

2520 

2529 

2519 

2511 

2511 

2530 
2525 
2517 

2512 


2386 

712 

37 

35 

20 

41 

43 

1862 

102 

1861 

1884 
15 
91 
62 

35 

1885 
1862 

41 

41 

1884 

36 

37 
36 

1968 

2452 
1556 

432 

1555 

2440 

2441 

2445 

2446 
2079 

753 

772 

2453 
748 
791 

2442 
2444 

777 

784 

747 

745 

786 

760 
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Iron, loss, testing ( continued) 

outfit, description...... 

tests small samples, reasons for using... 

two-frequency method of separating eddy-current and 

hysteresis losses.. 

magnetic testing, at high temperatures..... 

difficulties with various methods.. 

general requirement Is. 

permeability, critical frequency....• • •.. 

frequency at which it equals air.. 

pig, analysis from, induction furnace... 

power factor, relation to frequency...*. 

saturation curve, GO cycles. 

1740 cycles.*. 

from 1740 to 200,000 cycles. 

sheet, effect of handling on specific gravity.. 

japanning on weight... 

radiation constant. 

Irrigation, capital charges against land. .840 

centrifugal pump, performance characteristics.814 

cost of rehabilitating old farms.. . .. 

electric system, efficiency various units. 

net efficiency.. 

transmission line.... 

ground water pumping, advantages.... .. 

land, capital charges... .843 

Minidoka project, description.. t . 

pumping pit, advantage of concrete caisson.. 

stations, design..... 

Salt River project.. ... .. 

cost..... 

storage capacity.. . ... . . . 

season.. . ■ • ... 

Isolated plants. (See Power Plants.). # . 

fixed charges, compared with central station.. 

operating cost compared with central station. 

Ivory, radiation power.... 

Janesville Elec. Co., map of transmission line. «. 

Kjellin induction furnace. (See Furnace.). ... 

characteristics.... 

Lamps, arc, cutouts, life.... . . . 

life...... 

incandescent carbon, operat ing cost.., ................ . 

effect of regulation.. 

effect of radiation.... 

relation of candle power to e.m.f., ......... 

tungsten, operation cost, effect of regulation 
regulation required for proper 
operation.................... 

Lamp-black, heat absorbing power... . 

radiation turns taut... ..... 

power..... 

Leakage, transmission line, equation..... . 

Library, appointment of Dr. Cutter..... , . . 

Lighting and water plant, investment. , , 

operating charges,.. ....... . 

street, prices for service in large cities .. 

'Lightning arresters, electrolytic, experience, 10,000 volts. 

horn gap ares, instantaneous records. .. 

life..... 

disturbances, effect of corona loss..., . . , 

ground wire with wooden poles., 

lightning rods.... 

wooden poles.... 


743 

789 


701 
704 
770 
742 
2451 
2451 
802 
2440 

2440 

2441 
24-43 

788 

788 

432 
851 
830 
840 
820 
820 
820 

804 

851 

805 
850 
810 
821 
833 

852 
840 

709 

709 

433 
130 


858 
1129 
1129 
2180 
2195 
493 
507 
2195 

2185 

433 

432 

433 
2207 
2593 
1131 
1131 
1123 
1077 

290 

1129 

314 

317 

317 

310 
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Lightning disturbances, ( continued) 

log, Central Colorado Power Co. 

induction, theory. 

protection, arcing ground suppressor, general principles 

location. .*. 

tests. 

problem. 

Taylor’s Falls transmission line, experience. 

rods, effect on lightning disturbances. 

stroke, observed effects. 

Liquid insulators, dielectric strength... 

Load-factor,effect of diversity factor. 

freight service. 

in boiler shops. 

breweries.. 

carriage and wagon works. 

cement mills. 

flour mills. 

machine shops.. 

marble works. 

printing plants...660 

refrigerating plants. 

rubber factories. 

sheet metal factories. 

soap factories. 

tanneries.. 

textile mills... 

wood-working factories. 

standard definition... 

Locomotives, average life. 

electric, colonial type, advantages. 

d.c., energy consumption compared with 

single-phase._. 

express service, energy consumption... 

local service, energy consumption. 

double Mallet type, advantages.... 

express service, energy curves. 

Pennsylvania R.R. type, tractive effort. . .. 

weight. 

repair shop layout.. . .1453 

single-phase, cost. 

direct-current wiring diagram, 
energy consumption compared 

with d.c.. 

express service, energy con¬ 
sumption. .. 
speed curves... 

freight, construction. 

description. 

New Haven road, construc¬ 
tion ....... 

description.. 

speed. 

tractive effort 
weight.. 

service, performance test.. 
local service, energy consump¬ 
tion. 

energy curves. . . 
speed curves. .. . 

mileage. .*•;••• 

speed-torque characteristic.. . 

switching, description. 

weights. 


2005 

300 

260 

273 

267 

258 

2017 

317 

310 

199 

146 

1423 

666 

666 

666 

666 

666 

660 

666 

666 

666 

666 

666 

666 

666 

666 

666 

2543 

1348 

1479 

1497 

1497 

1497 

1479 

1428 

1467 

1467 

1454 

1441 

1432 

1497 

1497 

1428 

1428 

1429 

1505 

1478 

1479 
1479 
1479 
1400 

1497 

1428 

1428 

1414 

1400 

1430 

1431 
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Locomotives, electric, single-phase, {continued) 

wiring diagram. 

switch, service, advantages. 

freight, average horse power. 

performance test. 

steam consumption. 

speed characteristics. 

spring suspension, effect on track maintenance. 

steam, consumption, express passenger service. 

express passenger, coal consumption. 

service performance test.. 

freight, coal consumption... 

local passenger, coal consumption. 

mileage. . .. 

Mallet type, tractive effort. 

weight. 

switching performance test. 

service requirements. 

steam consumption. 

Logging plant, electric equipment..... 

Long Island R.R. storage battery car. 

Lumber industry, uses of electric energy. 

Machines, electric cooling air, radiation power. 

dielectric tests, International standard. 

efficiency measurement, International standard. 

guarantees, International standard. 

iron losses.•.. 

losses, standard test.:. 

overload capacity, International standard. 

standard. 

rating, International standard. 

regulation, International standard. 

standard definition.. 

standard specifications. 

short-circuit forces, calculation. 

temperature rise, International standard. 

rating, rules adopted by International Electrotechnical 

Congress. 

standard definition. 

shops, load factor.660 

speed regulation, definition.. ... 

standard performance specifications and tests... 

■ synchronous, parallel operation, function of reactance.. 

1224 

temperature rise, standard limits.. 

interpole, behavior on short circuit.. 

brush setting. 

definition. 

effect of saturation. 

overload capacity. 

parallel wound, operation. 

Magnets, electro. (See Electromagnet.) 

tractive pull, formula. 

Magnetism, residual effect on rolling mill system. 

Marble, radiation power. 

Marble works, load factor. 

Marginal principle of figuring costs, definition... 

Measurement, corona loss. 

Measurement, corona loss, accurate. 

apparatus, description.•. 

dielectric International standard. 

strength, standard method. 

efficiency, International standard method. 

standard method. 


1432 

1409 

1395 

1395 

1395 

1395 

1428 

1394 

1393 

1394 
1393 
1393 
1415 
1467 
1467 
1405 

1401 

1402 
1084 
1489 
1081 

487 

2582 

2581 
2585 

791 

2548 

2575 
2561 
2571 

2576 
2553 
2545 

407 

2576 

2515 

2540 

666 

1550 

2544 

1235 

2560 

2401 

2397 
2386 

2398 
2405 
2398 

1730 

1594 

433 

666 

641 

1098 

1904 

1901 

2582 
2555 
2581 
2547 
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IVI e a sure men t, (con/ i n ued) 

high speed. 1641 

hysteresis, direct method. 773 

compared with ballistic 

method. 775 

iron loss, (also see Iron Loss). 786 

conditions which affect. 777 

time required to make. 784 

machine losses, standard method. 2548 

no-load losses, high-tension transmission line. 339 

power, high frequency. 2434 

regulation, standard methods. 2554 

resistance, concrete.2061-2063 2066 

telephone service. 985 

temperature, standard method. 2559 

Metallic surface, heat absorbing power. 433 

Mills, cement, load factor. 666 

flour, load factor. 666 

textile, load factor. 666 

Milwaukee railway system, cost of maintenance and replacements 1297 

Minidoka irrigation project, cost of construction. 818 

operation. 819 

description. 805 

drawings of power house. 806 

hydraulic equipment. SOS 

map. S06 

pumping stations. 810 

Motors, a.c., commutator control analytical study. 2476 

by brush shifting. 2464 

armature and field. 2476 

methods..2474 2461 

Deri diagram. 2464 

polyphase, control methods. 24S0 

repulsion, Winter-Eichberg diagram.. . 2461 

series, diagram.. .. .. 2460 

single-phase on polyphase circuit. 2488 

types. 2460 

varying speed, classification. 2455 

induction, air-gap density, formula. 2154 

concatenated, internal, diagram. 2471 

synchronous speed, formula. 2469 

control by concatenation.■ • • 2468 

frequency changer. 2472 

pole changing. 2467 

regulating motor. 2483 

Heyland-Ruedenberg system. 2485 

Kraemer system, description. 2482 

Scherbius system, description. 2483 

design, circle diagram, disadvantages. 2162 

effect of number of rotor slots. 2141 

slot and zig-zag leakage.. 2143 

leakage coefficient, effect. 2129 

minimum copper weight.. . 2145 

relation between leakage coefficient, 
rotor, diameter, and core 
length.. ... : • 2131 


of copper weight to ratio of 

core length to pole pitch 2157 
efficiency to ratio of core 

length to pole pitch. 2157 
power factor to ratio of 
core length to pole pitch 2157 
efficiency characteristic, compensator 

control............. 2459 
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Motors, a.c., induction, efficiency characteristic, {continued.) 

resistance control 2459 
secondary control 2459 

for’propulsion of battleships. 534 

shin propulsion speed torque characteristics 

542 543 

iron loss, calculation. 2154 

leakage coefficient, formula. ... 2130 

effect on mechanical dimensions. 2143 

magnetizing current, determination. 2163 

formula. 2150 

output equations... 2151 

polyphase, circle diagram. 2128 

power factor characteristic, compensator con¬ 
trol. 2459 

resistance control 2459 
secondary control 2459 

maximum current, formula. 2131 

formula. 2131 

reactance formula. 2130 

rotor core density, formula. 2154 

volume, formula. 2154 

frequency, formula. 2473 

teeth volume, formula. 2154 

short-circuit, reactance formula... 2130 

single-phase, analysis by resolution of second¬ 
ary field into components.... 2104 
. circle diagram, relation between 

magnetizing and no-load current 2125 

e.m.f. formula. 2107 

magnetizing current, relation to 

no-load current. 2125 

pole flux, formula... 2106 

rotor current, distribution equa¬ 
tion. 2122 

graphic representa¬ 
tion. 2111 

waveform.2120 2121 

wave shape analysis 2103 
magnetizing cuirent wave 


working current wave form 

2113 2118 

slip regulation for rolling mill drive. 1595 

speed-current, equations, compensator control 2457 
rheostatic control.... 2457 

speed-torque, equation...’. 2456 

compensator control... . 2457 

rheostatic control. 2457 

stator copper losses, formula... . 2144 

core volume., formula. 2154 

teeth, rotor, formula. 2154 

torque, full load, in terms of pull-out torque.... 2152 

maximum, pull-out, formula. 2151 

railway, standard rating. 2564 

standard specifications. 2565 

reversing, ideal mode of starting. 1520 

standard speed classification. 2543 

synchronous, field adjustment with voltmeter. 603 

temperature rise, standard limits. 2560 

Motor-generator phase converter.. 1493 

Name plates, International standard. 2574 

Navy, battleships, electric propulsion, advantages. 545 

. disadvantages. 545 
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Navy, battleships, ( continued )_ 

power required to reverse. 

retardation curve. 

collier, electrical equipment for propulsion. 5 ™ 

propulsive coefficients for battleships... 

U. S., battleship No. 35, power required to propel. v ..... 

proposed electric propulsion in¬ 
stallation. 534 

Needle gaps, striking e.m.f. curve ... . .. ] 7 \ 

points, minute, method of making. ; . 

striking e.m.f. at different air pressures. ^ 1 

in carbon dioxide at different pres- 
sures. 

New York Central R.R., reasons for using storage battery. 1466 

train delays. i " ±ya 

Edison Co., comparison of operation with electric 

plants in London. : . ^ 

experience with storage batteries. t'lbi 

New Haven & H. R.R. catenary constructions. 1^66 

experience. 

general features. 

Harlem River yard layout. 1440 

log of train delays.• 1410 

measurements of trolley wire 

wear. *426 

single-phase loco, freight con- 

struction. 15U5 

description. 1478 

performance test. 1400 

mileage. 1414 

speed-torque charac¬ 
teristics.-•* 1400 

steam loco, freight.• • • * - *393 

performance test. ^ qq 

train delays. 1408 

typical catenary bridge con- 

structions... 1440 

system, wiring diagram. 1410 

“ Nominal II,” definition.•• ••.-.*. *2544 

Non-inductive load, standard definition... 14-1 

North Shore Elec. Co., character of territory served. 

map of transmission lines. 

Obsolescence as fixed charge in electric energy production. " 

Oil, dielectric strength between cylinder electrodes. 

effect of pressure. La¬ 
tests with various shaped electrodes. ^0 

effect on corona loss from insulated conductor ;.*'** '*:’ 04 

striking distance between spheres, relation to surface intensity <*4 

surface strain required to ionize. ^ 

produce corona. 

transformer, density... 1 qq 

frozen, dielectric strength... «Xo 

insulating quality, methods of testing. 

specific capacity. 

..;**;*. 49Q 

temperature distribution.... 

testing, disadvantage of usual spark gap. V* 

velocity in terms of temperature, equation....... * 

Omaha & Council Bluffs Ry. system, cost of maintenance and re- ^ 

Ontario n power Co!,’ e.m.f! 'regulation, equipment, description.... 564 

Ore handling, cost, effect of fly-wheel load equalizer. ‘ a ‘ 

by electricity, cost...*. 
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Oscillations, cisoidal, definition... 

general equation.. 

physical conception.. ■ 

properties. 

rules for changing to cosinusoidal. 

scalar, character. v •.. 

cosinusoidal, rules for changing to cisoidal. 

damped frequency formula.. 

free, characteristics. 

equations.. 

natural, in mercury arc rectifier circuit. 

produced by closing high-tension switches. 

Oscillograph, films, method of handling.;. 

photographic apparatus, description. 

operation. 

recording methods. . .. 

Oscillograms, reproduction..• • .. 

Overload capacity, International standard. 

standard..... ; . 

Questions, High-Tension Transmission Committee... 

Pacific Gas and Electric Co., map of transmission lines. 

Paint, insulating, dielectric strength. 

Paper, charring temperature. 

electric, characteristics.. 

safe working temperature.. 

Parallel operation, general problem. ................ 

power station, electro-mechanical synchronizing 
synchronous machines, function of reactance. . 

transformer, Y-delta and delta delta. 

Pencil marks, resistance... ; . 

Pennsylvania R.R. locomotive, power rating. 

Permeability, relation to flux density at non-magnetic temperature 

Phase converter. (See Converter.).• • • * .. 

Philadelphia Railway System, cost of maintenance and replacement 

Photometry, standard definition. 

Physical value, definition. 

Pins, insulator, locust, life. 

metal advantages.. 

wooden, disadvantages. 

insulating value. 

Piping, probable life... 

Planers, wood, power required. 

Poles, cedar, life..• • .... xaAq 

Poles, commutating, armature e.m.l., formula. zooo 

brush setting. 

calculation. 

chord windings. 

design.2430 

effect of saturation. 

e.m.f., formula. 

face proportions... 

proportions... 

saturation, source. 

turns, formula. 

hardware, life. 

tax. 

wooden, effect on lightning disturbances... 

with ground wire, effect on lightning disturbances 

yellow pine, life. 

Pole-top construction, 60,000-volt.. 

Porcelain, tensile strength. 

Potential of earth. 

Potlatch Lumber Co., electrical equipment.. 


873 

881 

910 

873 
876 

874 
876 

1808 

902 

902 

264 

1809 

1848 

1844 

1848 

1844 

364 

2575 

2561 

1989 

134 

2087 

1554 

201 

1554 

1221 

1224 

1235 

468 

1103 

1506 

772 

1297 

2566 

1270 

1129 

318 

317 

317 

650 

1083 

1129 

2389 

2397 
2388 
2393 
2420 

2398 

2390 
2395 
2395 

2399 
2392 
1129 
1125 

316 

317 
1129 
1066 
2326 

38 

1081 
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Poulsen arc for generation of high frequency. .. 

Power diagram, transmission, constant potential. 

measurements very high frequencies. 

Power-factor Heroult arc furnace. 

Kjellin induction furnace. 

phase converter... 

Rochling-Rodenhauser induction furnace 

standard ‘definition. 

Power indicator, cathode ray. 


Power plants. 


accuracy. 

connection diagram. 

theory. 

magnetic, description. 

(See also Central Station.)._. 

comparison between large and small as to invest¬ 
ment and kilowatts. 

operating expense 

hydroelectric, advantages of induction generators, 
parallel operation, electro-mechanical synchronizing 

gas-electric first cost.685 

175 h.p. 

fixed charges.685 

175 h.p. 

operating cost.685 

175 h.p. 

thermal efficiency. 

hotel, cost of operation... 

distribution of steam consumption. 

typical load curve. 

investment cost, law._. 

isolated, cost of energy production. 

steam-electric, apartment houses. 

clubs, coal consumption. 

cost 150-kw. 

of energy production 460-kw. . . 
effect of load factor on cost of energy 

first cost. 

100-kw. 

4000-kw. 

fixed charges. 

100 kw. 

4000 kw. 


hotel, coal consumption. 

operating cost. 

4000 kw. 

thermal efficiency. 

required to accelerate reversing mills. 

reverse a ship. 

requirements, band saws. 

battleships. 

reversing mills, various types. 

rolling mill, reversing. 

sawmill machinery. 

wood edgers. 

planers... 

stations, parallel operation at different e.m.fs. 

Press board, composition.. .. 

dielectric, characteristics. 

strength, tests. .•••■*. . 

variation with thickness... 
various numbers of layers 

oiled, arcing e.m.f. tests. 

creeping e.m.f., tests. 


2454 

611 

2434 

859 

859 

1495 

859 

2544 

1104 

1090 
1093 

1091 
1111 


147 

148 
1229 
1224 

689 

662 

689 

662 

689 
662 
662 

695 

690 
693 
712 
681 
680 
680 
650 
682 
660 

696 
658 
698 
696 
658 
698 
680 
696 
698 
661 

1592 

547 

1082 

537 

1591 

1600 

1082 

1083 

1083 

629 

202 

201 

206 

207 

207 

208 
208 
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Press board, oiled, (< continued ) 

dielectric strength, relation to stress duration 

tests.. 

specific capacity, different temperatures. 

specific capacity.... • * * * 

varnished, dielectric strength, relation to stress dura¬ 
tion . 

tests.207 

specific capacity.. 

Printing plants, load factor. 

Profession, definition... 

Property, physical, formula for critical age. 

Propellers, power required to reverse. 

Propulsive coefficients of battleships. 

Public utilities, appraisals.-. 

cost of maintenance, actual. 

replacements, actual. .. ._. 

development, credit due capitalist. 

promoter. 

expense, definition. 

fair profit. 

return. 

franchise value. 

intangible values. 

inventory, use of Hollerith system.. 

physical property, formula for critical age. 

value, determination. 

value, definition... 

report on Consolidated Gas case, New York. 

Pulsation, standard definition---• • : •.oil 

Pumps, centrifugal, performance characteristics.... 

Radiation black surface, effect of temperature rise.. 

constants, various materials. 

heat, metallic surface to air. 

power of various materials. 

Steffan-Boltzman law.. • * • • • *. 

Railroads, trunk line, electrical application 

Railways, electric... 

construction, cost. 

development expense. 

d.c., 1500 volts, energy loss. 

car maintenance cost. 

repair cost.•. 

cost of electrification. 

maintenance. 

operation. 

electrification. 

transmission, cost of maintenance. 

freight service, effect on load factor. 

gear breakages. 

going value. 

pinion breakages... 

single-phase, 11,000-volt, energy loss. 

electrification, cost. ; . 

experience on Blanknese line.• 

Brighton (England) 

line. 

frequency, choice...1492 

steel contact wire, experience. 

storage battery, operation. 

track construction.,. 

transmission line, construction. 

trunk line service, definition.. 
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Railways, (< continued ) 

yard electrification, cost. 1444 

Rain, effect on corona loss...1895 1955 

Rays, cathode, Alexander method. 1105 

Reactance synchronous, determination. 1806 

Reactive factor, standard definition. 2544 

Reactors, current-limiting, action under short circuit. 1168 

bibliography... 1194 

construction. 1242 

data. 1149 

effect on frequency converter. 1184 

split-pole converter. 1182 

stability of system. 1171 

synchronous converters. 

1180-1186 1188 

in central station operation. 1217 

generator leads.1416 1510 

stray field. 1150 

tests. 1147 

use in feeders. 1221 

generator.1416 1510 

sectionalizing buses. 1218 

performance under short circuit. 1207 

Rectifier, mercury arc, natural oscillations, character.'. 264 

Refrigerating plant, load factor. 666 

Regulation, alternator effect of exciter regulation. 556 

necessary conditions. 556 

poor, desirability. 572 

e.m.f., Connecticut River Power Co., equipment, des¬ 
cription. 563 

effect on candle power. 567 

life of incandescent lamps. 493 

necessary conditions. 556 

Ontario Power Co. equipment, description. .. . 564 

International standard. 2576 

load, motor driven fly-wheel, connection diagram.. .. 734 

relative cost storage battery and fly-wheel equip¬ 
ment. 730 

standard definitions. 2553 

tests. 2554 

transformer, average value. 415 

calculation. 416 


characteristics, different percentages iron 


loss, constant, 
active material 423 
power-factors, 
constant im¬ 
pedance. 420 

power-factors 
constant react¬ 
ance . 422 

power-factors 
constant resist¬ 
ance. 421 

effect of arrangement of magnetic and 

electric circuits. 424 

copper loss. 493 

low value on destruction risk.. 460 

on exciting current. 418 

p o wer-f actor. 418 

factors which effect. 477 

formulas. 416 

comparison_ ; . 417 

relation to losses and rating. 484 
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Regulator, field, Tirrill, connection, diagram.•. 

Tirrill, application to synchronous condensers. 

transmission lines. 

connections for d.c. generator. 

diagrams.. . . 

four exciters in parallel.. 

three-wire d.c. system. 

two d.c. generators in parallel.... 

exciters in parallel.563 

cycle of operation.....* • .. 

Reinforced concrete. (See Concrete, Reinforced.). 

Relays, duplex reversing current required... 

neutral, quadruplex,. operating current. 

polar duplex, operation. 

reverse-power, defects..... 

selective, electromagnetic, connections. 

electrostatic, connections...... 

telegraph, 150-ohm, ratio of operating to releasing current 

time-limit, experience various types. 

telegraph ampere-turn formula. 

design factors... 

effect of polar enlargements. 

Resistance, high frequency telephone circuits. 

insulation. (See Insulation.). 

Resistors, cast-iron, advantages. 

grid, safe temperature.. .. 

maximum current capacity. 

minimum current capacity. 

material, limiting features. 

terminals, troubles... 

Retardation curve, typical, battleship. 

Rheostats. (See also Resistors.). 

choice of type of contact. 

design, contact limits. . ... 

heavy current, construction.. • • • 

iron ribbon, construction.. . . . . 

limiting features of resistors. 

terminals, troubles due to solenoid... 

River, water, specific resistance. ..• • • - 

Rdchling-Rodenhauser induction furnace. (See also burnace.)- 

characteristics. 


construction. 

royalty charges. 

Rolling mill choice of type.. ... 

drive, Ilgner system, disadvantages.. .. 

effect of residual magnetism on operation............ 

electric apparatus, money value at present installed 
tabulated data of installations throughout 

world. 

generator, choice. 

design. 

inclined spindles, losses... 

induction motor, slip regulation. 

motor, choice. 

methods of voltage control. 

reversing, early installation. 

efficiency... # . 

electric horse power installed since 1906. . . 

energy consumption. 

experience with Ilgner system. 

Illinois Steel Co. plant, description. 

• layout. 

motors. 
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Rolling mill, reversing, ( continued ) 

power required to accelerate. 

requirements.. 

various types. 

reasons for using. 

vs. two high. 

two-high vs. reversing mill.1608 

Roosevelt Dam, storage capacity. 

Salt River irrigation project, description. 

first cost. 

map..... 

plan of power house. 

storage capacity. 

transmission line.. 

typical pumping station. 

Saturation factor, standard definition. 

Sawmill machinery, power required. 

plant, electric equipment. 

Sawmills, economy of high-grade turbines. 

Selective relay for grounding connections. 

Service continuous, definition. 

Shellac, heat absorbing power. 

Ships, electric propulsion. 

advantages.545 

disadvantages. 

installation, weight of parts. 

methods... 

electrically propelled, brief description. 

electrical characteristics. 

steam consumption... 

power required to propel. 

reverse. 

propeller speed, choice. 

propulsive coefficients. 

turbine driven, steam consumption. 

turbine propulsion, disadvantages. 

Short-circuit forces in electric machinery, calculation. 

rate of current increase..513 

Signaling railway block wires, characteristics. 

substation diagram. 

loud speaking telephone for block wire service 

1035-1040 

train despatching. (See Train Despatching.).. . 

Silver, radiation power. 

Skin effect, general equations. 

measurement, high frequency. 

tests, 40,000 to 200,000 cycles. 

Sleet, effect on corona loss.1895 

design of wire spans. 

transmission lines._... 

precipitation, copper, iron and aluminum wire tescs. 

Slip regulator, automatic, construction. 

Smoke, effect on corona loss.1895 

stacks, probable life. 

Snoqualmie Falls transmission system. 

method of operating. 

record of service interruptions 

Snow, effect on corona loss.1895 

South Carolina, map of proposed transmission system. 

Southern California Edison Co., map of transmission line.. 

Power Co., map of transmission system.139-328 

transmission line, description. 

Solenoid, capacity formula. 

inductance, formula. 


1592 

1600 

1591 

1590 

1610 

1610 

851 
S21 
833 
821 
821 

852 
826 
828 

2544 

1082 

1083 

1087 

259 

1063 

433 

529 
552 
545 
539 
552 
550 
542 

544 
537 
547 
531 

530 
554 

545 
407 
514 

1034 

1035 

1045 

433 

906 

2436 

2437 
1955 
2232 
2283 
2291 
1595 
1953 

65C 

1050 

1051 
1054 
1955 

140 

134 

2000 

1998 

247 

246 
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Space factor, laminated steel. 

Sp^rk, discharge, maximum surface gradient required. 

super, potential, definition. 

time lag, shown by oscillograms. 

Spark-gap, ball electrode, striking e.m.f. curve. 

effect of non-inductive shunt resistance. 

transient e.m.f. 

e.m.f., factors which cause irregularities. 

at high altitude, tests. 

short, coherence-resistance curve. 

striking e.m.f. # . 

Sparking distance across conductors of different diameters...... 

r ’ reactors in series with transmission line, 

significance. 

transmission line. 

standard... 

e.m.f. across series reactor, frequency calculation. 

Specific capacity, effect of frequency. 

Spectrum electromagnetic. 

Speed, fan, regulation, definition. 

relation between speed current and resist¬ 
ance . 

high frequency generator, measurement. 

machine, regulation, definition. 

relation between speed, current and 

resistance. 

Squier’s multiplex telephone system. 

Standard neutral quadruplex relay operating current. 

Standardization rules. 

Steam consumption, distribution, hotel plant. 

electrically propelled ship.537-541 

freight locomotive... 

locomotive, express passenger service. 

switching locomotive.... 

turbine driven, ship. 

railroad, Oak Point yard layout. 

Steel, coefficient, of expansion. 

cost, production in electric furnace... 

crucible, energy and cost, for production in electric furnace. 

elongation.. 

high-carbon, decalescent point... 

measurement, method of checking.... 

recalescent point. 

laminated, space factor. 

specific weight... 

low-carbon, decalescent point.. .. 

recalescent point. 

modulus of elasticity. 

radiation power. ... < . 

rolling, power required, various elongations. 

silicon, eddy current exponents; tests. 

effect on transformer design. 

hysteresis exponents; tests. 

Steffan-Boltzman radiation law. 

Stray currents. (See Current.).. 

Street lighting, arc, conduits, cost. 

cost, 100-lamp system. 

items that affect. 

equipment, depreciation. 

contracts, various large cities. 

equipment, depreciation.. < . 

calculation. 

equipment, taxes. 


7S8 

30 

299 

360 

178 

180 

224 

178 

352 

121 

122 

4 

1841 

1841 

2568 

1856 

188 

1618 

1550 

1551 
1641 
1550 

1550 

1666 

1719 

2535 

690 

54 

1395 

1394 

1402 

554 

1440 

2292 

864 

865 
2292 

780 

782 

780 

788 

788 

780 

780 

2292 

433 

1600 

215 

2201 

215 

432 

1133 

1131 
1124 

1132 
1123 
1132 
1128 
1126 
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Striking distance, air, different electrodes. g 

conductors, different air-pressures. 6 

diameters. 4 

spheres of different diameters. 8 

e.m.f. curve from short spark gaps.. 122 

Stroh duplex relay, reversing current required. 1717 

Substation railway construction. 1377 

cost of maintenance. 1384 

equipment.,. 1376 

transformer, importance of ventilation. 461 

Super-spark potential, definition. 299 

Surface coatings, dielectric, characteristics. 201 

Surges, cause of arcing ground.* 321 

Switches, choice of type of contact. 1560 

high-tension apparatus inclosing. 1809 

polyphase, effects due to non-simultaneous 

close. 1810 

oil, analysis of rupture. 523 

capacity and resistance in m ultiple 526 
series_ 524 

inductance and resistance in 

multiple. 525 

induction motor in circuit. 526 

synchronous machine in multiple. 526 

automatic, speed-time curve. 1206 

utilization of explosive energy. 1210 

behavior under short circuit. 1233 

high-power, rupture tests, results. 1199 

high-tension, rupture, tests. 520 

horizontal, break conditions.... 1227 

mechanical pressure under short circuit. 513 

rapid-break, period. 517 

rupture capacity, effect of current. 501 

load. 523 

power factor.501 523 

current, oscillograms. 508 

e.m.f., oscillogram.508 1201 

tests, method. 1196 

results. 1199 

short-circuit, rupture oscillograms. 1200 

typical central station, layout.... 499 

instrument panels, requirements. 1230 

probable life. 650 

Switching, high-tension, closing transmission line. 1818 

effects due to arcs...:. 1810 

opening line. 1816 

transmission line, opening, test.33 1828 

single-phase, test 1835 1838 

undesirability. 488 

transmission line, effect of closing, test.1825 1830 

on balance. 1852 

from low-tension side. 1824 

methods. 1843 

oscillations, nature. 1851 

Synchronous reactance. (See Rtactance.). 

Symbols adopted by International Electrotechnical Congress.. 2512 

standard. 2564 

International. 2571 

Synchronous operation, general problem. 1221 

Tanneries, load factor. 666 

Taxes, Federal. 1126 

local. 1126 

on poles.;. 1125 
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Taylor’s Falls transmission system, lightning protection, experience 

Telegraph, bridge, polar duplex, operation.. 

terminal resistance. 

circuits, distance, limits different types. 

differential polar duplex, theory. 

quadruplex, operation.. ... 

duplex relays, reversing current required. 

experiments, electric waves guided by wires. 

insulators. (Also see Insulators.). 

choice. 

multiplexing, methods... . .. 

polar duplex relays, operation. 

quadruplex neutral relays, operating current. 

relay 150 ohm latio of operating to releasing current. . 

ampere-turn formula. 

design factors. 

effect of polar enlargements. .. 

train despatching system, description.. % . 

transmission, choice of conductor material.. ^. 

differential polar duplex operation. 

ratio of releasing 
to operating 

current. 

quadruplex, maximum length 
of line, formula 
ratio of releasing 
current to oper¬ 
ating current.. 

duplex, maximum length of line. 

for various resis¬ 
tances . 

effect of insulator compound. 

insulation resistance. 

lightning rods. ... 

terminal conditions. 

general equation.1683 

Morse, fundamental requirements. 

quadruplex, determination of conductor 

properties. 

length of line for various re¬ 
sistances. 

maximum length of line.... 

simplex circuits general equation. 

ratio of releasing to oper¬ 
ating current. 

determination of conductor 

properties. 

effect of line leakage. 

relay characteristics on 

length... 

logarithmic element, in terminal 

effect. 

maximum length of line various 

conductor material. 

relation of maximum length to 

resistance. 

speed, formula. 

theory . 

Telephone, apparatus, electrical constants, measurement. 

automatic, calling devices, description.. .. 

circular poly wiper switch, construction.. . . 

description. 

common battery operation difficulties. 


2017 
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1740 
1673 
1694 
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Telephone, automatic, (continued ) 

connection of subscribers to first selectors.. 925 

connector switch connections. 931 

cost of service.... 946 

disadvantages.. 944 

distributing board, definition. 915 

description. 934 

operation. 934 

double rotary switch, construction. 922 

description. 921 

first selector connections. 927 

; limitations. 944 

line switch connections. 927 

magnetic stop switch, construction. 920 

number of mechanicians employed. 945 

poly wiper switch, wiring. 918 

reverting calls. 993 

savings due to reduction in operators.... 947 

second selector connections. 930 

switches life-test. 923 

switchboard definition. 915 

operation, description. 926 

two-wi re circuit. 927 

central office equipment, efficiency. 1783 

circuits, attenuation curves.. .. 1667 

speed of propagation of electricity. 1678 

transmission of electric waves. 1640 

duplex, bridging connection. 1634 

diplix, circuit diagram. 1638 

for wire circuits.1623 1637 

metallic circuit. 1633 

selectively tuned circuits. 1631 

series connection. 1637 

experiments, electric waves guided by wires. 1626 

high-frequency circuits attenuation curves. 1662 

choice of frequency. 1678 

coefficient of coupling. 1642 

effect of frequency upon atten¬ 
uation .. 1662 

terminal capacity on 

resistance. 1661 

electrical dimensions of tuning 

elements. 1655 

equivalent inductance. 1644 

insulation resistance._. 1676 

interference elimination. 1670 

multiplexing, methods. 1671 

relation between impedance 

and frequency 1661 


receiving current 

and capacity 1661 


resistance. 1643 

curve.1647 1679 

selective impedance. 1655 

selectivity curves. 1651 

signaling difficulties. 1670 

stiffness, function. 1643 

use of condensers. 1671 

systems,choice of frequency. 1673 

intercommunicating circuit. 1631 

relation between line e.m.f. and 

length. 1632 

lines, attenuation constant, formula .. : . 1745 

cable, description of N. Y.-Phila. loaded line.... 1756 
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Telephone lines, cable, (continued) 

method of placing loading coils. 1752 

current at a point, formula. 1745 

efficiency, effect of loading. % . 1752-1756 1762 

equipped with loading coils in United States.... 1763 

loading coils design. 1749 

loss. 1750 

resistance. 1752 

methods of loading. 1749 

New r York-Washington loaded cable. 1768 

on transmission towers.1996 2005 

open-wire, electrical characteristics. 1748 

phantom cable circuits, use of loading coils. 1758 

terminal losses, devices for reducing. 1754 

effect of terminal transformers.. 1755 

underground, longest in the world. .. 1757 

wave length, formula. 1747 

loading coils, application to phantom cable. 1758 

break-down test. 1759 

changes produced in terminal apparatus 1763 

construction features. 1768 

date of patent. 1743 

description of New York-Philadelphia 

cable. 1756 

design. 1749 

features. 1768 

dimensions and resistance. 1760. 

early test of Pupin’s system. 1771 

effect on clearness of speech. 1747 

cross talk. 1772 

efficiency.1752-1756 1762 

experience of American Telephone and 

Telegraph Co. 1770 

losses. 1750 

method of application. 1749 

installation. 1761 

miles used in United States. 1763 

New York-Washington cable. 1768 

patents, date. 1743 

resistance. 1752 

sub-marine cables. 1763 

use in cable circuits. 1752 

long-distance attenuation reduction. 1676 

cross-talk elimination. 1676 

loud-speaking, for block wire service.1035-1040 1043 

Edison. 1043 

manual idle wires percentage. 939 

measure of service. 985 

movements of operator. 966 

switchboard limitations. 943 

trunk calls cost. 941 

N. Y.-Phila. loaded cable, description. 1756 

open-wire line, electrical characteristics. 1748 

operator, connections. 990 

energy expended. 967 

labor compared with semi-automatic. 966 

limitation. 939 

lines per operator. 942 

within reach of one operator. 984 

movements in making connection. 966 

operating cost. 969 

expense. 973 

force required. 968 

operator, efficiency. 943 
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Telephone operator, ( continued ) 

salaries. 948 

steps to make connections. 940 

subdivision, limit. 941 

multiplex, commercial applicability. 1666 

Pupin coils, patent, date. 1743 

railway service, block wire, substation connection dia¬ 
gram. 1035 

receivers, critical frequency. 1624 

semi-automatic Clement aggregating. 954 

application of connection.... 957 

automatic switches, opera¬ 
tion. 959 

duplicate sending machine... 961 

operator’s key sets. 961 

system principle. 950 

wiring diagram. 952 

fundamental principle. 950 

labor compared with manual. 966 

operating cost. 969 

expense. 973 

operating force required. 968 

switchboard, commercial test. 967 

description. 936 

operation. 936 

service factors.. 1776 

labor efficiency, determination. 177S 

operating force, selection. 1780 

training. 1780 

methods, efficiency. 1782 

operators call capacity... 1798 

efficiency, average. 1800 

qualities, essential.... 1776 

toll calls, the switch board necessary for various 

methods. 1790 

center operation, definition. 1792 

operation method of New England Tele¬ 
phone and Telegraph Co... . 1792 

relative labor, various methods 1788 

ring-down method. 1788 

single-ticket call-circuit toll 

operation. 1788 

method. 1788 

two-ticket method. 1783 

short-haul method possibilities. 1794 

time-sending. 1032 

circuit diagram. 1033 

toll circuits, definition. 1785 

efficiency. 1784 

determination. 1786 

traffic circuits, definition. 1785 

efficiency. 1784 

clearing house system, circuit diagram. 964 

department, duties. 1775 

percentage trunking business. 942 

quality of service. 989 

train-despatching, adjustable coil in way station. 1028 

defects. 1046 

early use.... 1008 

first in U. S... 1047 

Gill selector, description. 1012 

line circuit diagram. 1016 

selective signaling methods. 1011 

system requirements.. .. 1010 
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Telephone, train-despatching, ( continued) . . 

way-station, circuit diagram. 

Western Electric, line circuit. ...... 

selector, descrip¬ 
tion. 

substation dia¬ 
gram . 

way-station, cir¬ 
cuit diagram... 
Wray-Cummings, circuit diagram. . 

key, description. 

service, block wires, characteristics. 

message wires, requirements. 

wires, patching box, circuit diagram. 

description. 

substation talking circuit. 

transmission, attenuation constants, formula.. 

cross talk, effect of loaded coils. 

current, formula... 

definition of quality. 

volume. 

differential polar duplex, circuit diagram 
duplex, determination of conductor prop¬ 
erties. . ... 

effect of loading... 

efficiency, definition.. 

effect of loading.. . . 1752-1756 

loading coils, effect on cross talk. 

in cable circuits. 

resistance. 

longest underground line. 

losses in loading coils. 

method of loading lines. 

operative limits various conductors...... 

phantom cable circuits, use of loading 

coils... 

quality, definition.... 

reflection coefficients. 

simplex circuit, maximum length of line, 

formula. 

effect of terminal characteristics 

sub-marine cables, loading..... 

terminal losses, effect of terminal trans¬ 
formers. 

methods of reducing. 

volume, definition... 

wave length, formula. 

Temperature, effect on dielectrics. . . 

measurement, standard method. 

of red heat for iron wire. 

rise, International standard. 

standard limits. • —. 

transformers, methods of investigating. 

Terms, technical, standard definitions.* • • • 

Terminals, high-tension, Great Western Power Co. 

Southern Power Co. 

Terne plate, radiation constant. 

Theory, definition... 

Third rail construction. 

Time-sending by telephone... 

Tirrill field regulator, connection diagram. 

regulator. (See regulator.)...•.. 

Track maintenance, effect of spring locomotive suspension. 

Train despatching, early use of telephones. 


1015 

1023 

1018 


1026 

1019 

1017 

1034 

1030 

1030 

1029 

1025 

1745 

1772 

1745 
1024 
1024 
1694 

1718 

1747 

1744 

1762 
1772 
1752 
1752 

1757 
1750 
1749 
1727 

1758 
1744 
1689 

1692 

.1717 

1763 

1755 

1754 

1744 

1746 

427 

2559 
1555 
2576 

2560 

428 
2543 
1996 
1999 

433 

1139 

1376 

1032 

559 
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1008 
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Train despatching, {continued) 

requirements of telephone system. 1010 

telegraph. 1009 

telephone, adjustable coil in way station. 1028 

defects. 1046 

first in U.S. 1047 

line, circuit diagram. 1016 

selective signaling methods. 1011 

way station circuit diagram. 1015 

Western Electric, line circuit. 1023 


telephone, Western Electric selector, description 1018 
substation diagram 1021 
way-station, cir¬ 
cuit diagram 1026 
Wray-Cummings, circuits, diagram. 1019 

key, description. 1017 

Transformers, 200,000-volt, design data. 174 

arrangement, magnetic and electric circuit of differ¬ 
ent types. 424 

breakdown, internal, causes.478 479 

combined core and shell type, arrangement of mag¬ 
netic and electric circuits. 424 

connections diagrams.. 462 

undesirable. 471 

construction, active material, effect of losses. 2187 

cooling, corrugated case, relative space required for 

oil and air..... 446 

equation head producing circulation of oil. 440 

oil, effect of heat radiation on friction of 

ducts. 442 

radiation capacity, effect of color. 456 

relative merits of various types of tanks... 447 

requirements of tanks. 447 

temperature distribution in oil... 439 

gradient from tank to air..... 445 

rise asfunction of loss, equation 453 

velocity of oil in terms of temperature, 

equation. 440 

copper loss, cost. 2192 

effect on operation cost. 2184 

regulation. 493 

core loss, cost.... 2192 

formula. 2193 

decrease from 1897—1911, curve.... 2203 

core type, arrangement of magnetic and electric 

circuits. 425 


short-circuit forces, actual effects. 

danger to end turns from switching. 

design, 200,000-volt. 

data from 60 to 200 cycles. 

effect of silicon steel. 

drying process in place.* • 

economics...2181 

house, importance of ventilation. 

installation, first. 

insulation, relation between energy loss and tem¬ 
perature rise...•. 

leakage flux forces, calculation. 

reactance equations. 

life, saving due to long.2204- 

losses, cost, calculation, example. 

relation to ratio of copper to iron losses.... 

decrease from 1897-1911, curve. 

effect upon amount of material. 
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Transformers, losses, ( continued ) 

explanation of decrease with increase size. .. 2202 

relation to ratio of copper to iron losses. 2189 

relation to regulation and rating. 484 

magnetic density, disadvantages of high. 222 

magnetizing current, effect on cost of operation.. . . 2184 

loss, cost. 2192 

formula. 2193 

mechanical forces under short circuit. 1240 

mutual impedance, definition. 885 

operation, breakdown, internal, causes.478 479 

causes of failures. 458 

cost, classification. 2181 

effect of copper loss... 2184 

magnetizing current, effect. 2184 

importance of house ventilation. 461 

value of reactors in leads as protection 

against short circuits. .. 460 

parallel operation of Y-delta and delta delta. 468 

parts which may be standardized. 220 

rating, determination. 2190 

rating, relation to losses and regulation. 484 

weight. 712 

reactance, determination.. 1806 

internal, importance. 1145 

regulation, average values. 416 

calculations. 416 

characteristics, different percentages 

active mater¬ 
ials, constant 
iron losses. .. 422 

percentages iron 
loss, constant, 
active mater¬ 
ial . 423 

power factory 
constant im¬ 
pedance. 420 

power-factors 
constant re¬ 
actance. 422 

power-factors 
constant re¬ 
sistance. 421 

cost formulas. 2196 

effect of low value, destruction risk. 460 

relative arrangement of mag¬ 
netic and electric circuits.... 424 

on exciting current. 418 

power factor.. . 418 

factors which effect. 477 

formulas. 416 

comparison. 417 

loss, cost. 2192 

relation to ratio of copper to iron loss... 2189 

selection for giving service. 2188 

series, connection, two on polyphase.. 2177 

cross-connection, definition.. 2170 

diagram. 2172 

performance calculation, ex¬ 
ample. 2172 

effect of stray field. 1150 

protection from high frequency. 1230 

secondary circuit, interconnection_•. .2177 2178 

loads, cost of phase shift. 2170 
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Transformers, series, ( continued ) 

straight-connected, definition. 2170 

straight-connection, diagram. 2171 

performance calculation 

example. 2171 

. Y-connected, voltage, formulas.... 216S 

shell type, arrangement of magnetic and electric 

circuits. 435 

short-circuit forces, actual effects. 391 

t . . equation. 406 

short-circuit, current, equations. 401 

forcr-s, calculation. 37 g 

example. 3S0 

stresses. 402 

calculations..398 399 

relation to leakage reactance... 1241 

six-phase connections.. 409 

standard sizes to carry in stock.’ ’ * ^ ’ ’ ’ ’ ’ 220 

star-connected, reason for third harmonic.* 482 

steel. (See Iron.). 

tanks, corrugated cast iron, cost.' ’ .. 455 

steel, cost. ' 450 

plain boiler plate, cost. 450 

cast-iron, cost. 450 

radiation capacity, effect of color. 456 

relative cooling qualities of various types.... 447 

requirements. 447 

temperature rise as a function of loss, 

equation. 453 

types, classification.’ 448 

temperature distribution in oil. 439 

gradient, character. 430 

maximum safe. 480 

rise, methods of investigating. 428 

standard limits. 2560 

three-phase, 5000 kw. reactance. 1239 

short-circuit current. 1239 

undesirable connections. 471 

weight, relation to rating. 712 

winding, hottest layers, temperature rise, equation 436 

short-circuit stress, tests. 389 

temperature rise, hottest layer, equation.. 436 

Transmission, constant-potential, characteristic performance, var-. 

ious frequencies. 614 

influence of frequency. 613 

maximum power. 612 

power diagram, development. 611 

relation between output and re¬ 
actance. . 622 

reactance and 

efficiency_ 622 

theory. 607 

variable reactance, constant re¬ 
sistance. 621 

e.m.f., regulation requirements. 835 

line, admittance, equation. 2267 

artificial, construction. 247 

design. 245 

atmospheric loss, equation. 98 

attenuation constant, equation. 99 

calculation, 100 mile, formulas, approximate.. 2273 

approximate method.2277 2278 

electrical constants,-chart. 2264 

exact method. 2275 
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Transmission, line, calculation, (< continued ) 

hyperbolic functions, chart. 2272 

ice and relation between inductance 

and capacity..., '2286 

equivalent impedance of receiver, 

formula. 2275 

capacity, effect of overhead grounded wire... . 288 

formula.. 2265 

charging current, different voltage, tests... 340 342 

Great Falls Power Co. 2003 

Western Power Co. 1995 

Southern Power Co. 1999 

conductor spacing, equation to avoid corona. . 97 

factors that affect. 2280 

suspension insulator. 2299 

corona e.m.f. for different conductor diameter 

and spacings. 352 

formation. (See Corona.).... 

deferred operation, methods. s . 1068 

design, practical points. 2281 

disturbances, log, Central Colorado Power Co 2008 
use of reactance to limit short 

circuit. 625 

effect of arcing ground.... 319 

e.m.f. at any point, equation. 99 

loss, factors which affect. 2263 

energizing methods. 1843 

entries. (See Entries.). 

equation. 2266 

exact. 2275 

equivalent loading, table. 2214 

high-tension no-load losses, measurement. 344 

tests, instrument 

connections. 339 

single-phase, switching test. . 1835 1838 

switching in. 1818 

test.1825 1830 

ice, effect. 2283 

impedance, equation. 2267 

inductance, formula... 2264 

inspection, patrolmen required. 1079 

insulators. (See Insulators.). 

leakage, equation... . ... 2267 

loading, standard classification. 2289 

maximum current capacity, 60,000-volt. 837 

power. 1078 

no-load loss, different diameters and voltages.. 117 

e.m.f s, and wire spacings 118 

equation.. 350 

tests. 116,340,342 347 

relation to e.m.f., dry weather.. 119 

rainy weather.. 119 

tests. 337 

wet and dry weather... 119 

one-wire, earth return, capacity calculation, 

example.^.-. 283 

operation, effect of closing circuit; oscillograms 252 
opening circuit; oscillograms 253 
grounded phase, physical theory of 

electric field. 275 

observed e.m.f. and charging current 

in long line. 31 

at generator and at end of 

long line. 30 
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Transmission, line, operation, {continued) 

relative importance of transformer 

and line no-load losses. 

why spill-overs usually occur on one 

insulator... 

oscillations produced by opening. 

polyphase, switching... 

power factor at different e.m.fs.; tests. 

factors which affect... 

power loss, factors which affect. . . • 

pro tec don, problem.. 

railway constiuction.... 

reactance, characteristics... • * ■- 

regulation chart.. 22 

regulation with Tirrill regulator. 

resistance, characteristics. 

sag calculation, catenary, formulas and tables 

favorable 
cases. 

compared with actual measure¬ 
ments.. 

loading, table. 

various methods. 

sag, maximum, cause. 

series reactors, sparking distances..... ; • 

single-phase, calculation by hyperbolic logarith¬ 
mic tables.. 

sleet, effect...... 

spans. (See Wire Spans.). 

calculation, example.. 

loading chart. 

deflection, calculation. 

design. 

American example. 

factors. 

ice and sleet. : . 

effect of equivalent loading. 

temperature. 

equations development..2236 

horizontal force, formula. 

ideal characteristics. : . 

ratio resultant force to weight......... 

relation between sag and length. 

relation between sag and total stress.. 

stress, length and sag 
and total stress 

sag calculation.. 

supports at different levels. 

calculation... 

swinging, causes._.* 

temperature, determination of effect.. . . 

vertical foice, formula... 

standard span, Central Colorado Power Co.... 

Great Falls Power Co. 

Great Western Power Co.... 
suriounded by grounded conductors, capacity 

calculation..... 

switching, danger to end turns of apparatus. . 

disturbances, nature. 

effect on balance. 

low-tension side. 

methods.. 

oscillations nature.. ..* 

. test. .....1828 


341 

305 

1816 

1808 

116 

2263 

2263 
258 

1375 

2264 
2286 

560 

2264 

2212 

2210 

2210 

2214 

2210 

2283 

1841 

.2500 

2283 

2234' 

2244 
2252 
2230 
2224 

2242 
2232 
2224 
2224 

2245 
2244 
2241 

2243 
2216 
2218 

2230 
2221 
2252 
2234 
2226 
1992 

2231 

2244 
2007 
2002 
1994 

291 

1842 

1851 

1852 
1824 

.. 1843 
1851 
1833 
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Transformers, line, ( continued ) 

tests of oscillations. 1803 

relation between e.m.f. and charging cur¬ 
rent. 81 

at generating sta¬ 
tion and at end of 

long line. 80 

three-phase, calculation with hyperbolic 

logarithmic tables. 2497 

two-wire, capacity calculation, example. 281 

one wire grounded 

example. 282 

wave form, effect of frequency. . . 1872 

wire spans, formula. 2244 

standard e.m.fs. . 2562 

frequencies. 2563 

system, 100,000-volt, minimum size generator.... 1999 

disturbances, causes. 1065 

high-tension grounding through resistance, 

advantages. 2015 

interruptions, log. 1054 

logging plant. 1084 

operation, non-automatic, advantages. 1069 

observed relation between e.m.f. 

and corona losses. 82 

parallel operation. 625 

different e.m.fs. 629 

importance of phase regu¬ 
lation. 627 

use of reactors. 625 

regulation requirements. 835 

reliability, requirements. 838 

service, continuous, definition. 1063 

short-circuit, method of clearing. 1052 

Snoqualmie Falls, description. 1050 

operating method. 1051 

troubles, causes. 1065 

towers, construction, Central Colorado Power Co. 2007 

without e.m.f. drop. 604 

Trolley wire, wear measurements .. 1426 

Trunk line service, definition.. ... 1487 

Turbines, steam, bleeding, advantages. 723 

disadvantages, for ship propulsion. 545 

high-speed, Rankine efficiency. 529 

weight per h.p. 529 

low-speed, Rankine efficiency. 529 

weight per h.p. 529 

Rankine efficiency. 529 

saving by bleeding for heating. 723 

use in sawmills. 1087 

weight per h.p. 529 

Turin Electrotechnical Congress. (See International.). 

United Railways Co. of St. Louis, system, cost of maintenance and 

replacements. 1297 

Utilities, factors of depreciation. 1270 

Value, economic, definition. 1342 

mathematical expression. 1330 

Vapor product as measure of ionization. 62 

Vector diagrams, direction of rotation. 575 

elementary.582 583 

notation, choice... 587 

rotation, direction. 581 

Wagon works, load factor.. 666 

Waves, electric, transmission long wires. 1640 
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Western Electric, intercommunicating telephone system. 1031 

train despatching selector, description.’' 1018 

West Jersey & Sea Shore Ry., cost of construction. 1381 

detailed cost of operation and main¬ 
tenance. 1382 

log of train divisions. 1389 

organization. 1382 

power house equipment. 1373 

plan. 1375 

substation equipment. 1376 

plan. 1378 

section. 1377 

system, map. 1372 

technical description. 1373 

third-rail construction. 1376 

track construction. 1373 

transmission line construction. 1373 

trolley construction. 1378 

White lead, radiation power. 433 

Windings, maximum safe temperature. 480 

space coefficients, silk, cotton, and enameled insulation 1730 

Winds, electrical, definition. 14 

Wire, copper, weather-proof, life. 1129 

copper-clad steel, advantages over ground wire. 1230 

guy, life. 1129 

Wiring, central station, layout. 499 

diagram, direct-current locomotive. 1432 

electric elevator...1564 1578 

N. Y., N. II., & 1L system. 1416 

reversing controller. 1530 

series current-limit control. 1526 

electrical interlock... . 1541 

mechanical interlock. 1541 

single-phase locomotive. 1432 

layout, central station, with current limiting reactors.. . . 1220 

Wood, charring temperature. 1554 

dielectric, characteristics. 201 

strength across grain, tests. 213 

with grain, tests. 213 

safe working temperature. 1554 

specific capacity across grain. 213 

Worm gears, efficiency. 1584 

Wray-Cummings despateher key, description. 1017 

Variation, standard definition. 2544 

Vector diagrams, International standard, rotation. 2571 

rotation, adopted by International Electrotech¬ 
nical Congress.*. 2514 

Voltages, (See e.m.f.).... 

Water, Cedar River, specific resistance. 2065 

Lake Washington, specific resistance. 2065 

river, specific resistance. 2065 

salt solution, specific resistance. 2065 

Wind, effect on corona loss.1895 1953 

pressure, formula, Buck’s. 2290 

Windings, armature. (See Armature.). 

tlf.1 • ... • ... *.. J i . , . OA'-r A OA<-7 s 


relation to surface between intensity and diameter 1860 

copper, annealed, breaking weight. . 2216 

tensile strength. 2215 

elongation test... 2215 

hard-drawn, breaking weight. 2215 

tensile strength. 2215 

disruptive critical e.m.f. gradient, tests... 1932 
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(am fin ued) 

spans, calculation, catenary and parabola curves compar¬ 
ison .. 

charts, method of use. 

example.. .. 

loading chart.. 

deflection, calculation...... . 

relation to tension. 

design....... 

American example. .... 

effect of mechanical loading. 

temperature.. .. 

factors. . 

ice and sleet.. .,.. 

loading, classification. 

temperature, determination of effect. 

effect of equivalent loading. 

temperature. ’ 

equations, development.2236 

horizontal force, formula. 

ice, effect.\ ' ' * ' " ’ 

ideal characteristics. 

loading, standard classification. 

ratio resultant force to weight. 

,relation between sag and length. 

total stress... 

stress, length and sag. 

and total stress. 

resultant force, formula. 

sag calculations.* 

maximum, cause.. 

relation to temperature. 

sleet, effect.’ 

supports a, different levels, calculation.* ^2233 

deflection, formulas. .... 

sag, formulas. 

supports on same level, deflection, calculation . 

swinging, causes. 

tension, distribution. ’ *2296 

relation to deflection... 

wind pressure, formula.’ * 

vertical force, formula. 

teei, relation between surface intensity and diameter.. . . . ’ 


2294 

2259 

2234 

.2244 

2252 

2252 

2230 
2224 
2254 

.2254 

2242 
2232 
2288 

2231 
2224 
2224 
2245 
2244 
2283 
2241 

2289 

2243 
2216 
2218 
2230 
2221 

2244 

2252 
2283 
2295 
2283 
2226 

2253 
2253 
2252 
1992 
2298 
2252 

2290 
2244 
1859 















































